Chemical Characterisations of Exoplanetary Atmospheres by Pinhas, Arazi




Submitted to the Institute of Astronomy
for the degree of
Doctor of Philosophy
at the
University of Cambridge, Hughes Hall
March 2019
Thesis Supervisor: Nikku Madhusudhan
Thesis Co-Supervisor: Catherine Clarke
2
Chemical Characterisations of Exoplanetary Atmospheres
by
Arazi Pinhas
Submitted to the Institute of Astronomy
on March 5, 2019 for the degree of Doctor of Philosophy
Summary
We examine the properties of exoplanetary atmospheres using state-of-the-art re-
trieval methods and theoretical models. The examinations include investigations of
the chemical compositions and abundances, the cloud and haze properties, and the
temperature structures of exoplanetary atmospheres.
The detailed theoretical models we have developed study the chemistry of exo-
planetary atmospheres across the gas and solid phases of matter. The first theoretical
model investigates the extent to which solids evaporate in the envelopes of giant plan-
ets and how they contribute to enriching the atmosphere with metallic elements. The
results of this study illustrate that the observable chemistry in the atmospheres of
giant planets may indeed be used as a tool for tracing their formation conditions
and histories. The second model considers the observable signatures of clouds in the
spectra of transiting planets. We explore three metrics that may provide constraints
on cloud properties: the slope in the optical wavelength region, the uniformity of this
slope, and features in the infrared.
We then present several state-of-the-art retrieval studies of the chemical and ther-
mal properties of transiting and directly-imaged planetary atmospheres. First, we
apply our transmission retrieval method to the spectra of ten hot giant exoplanets
and, for the first time, provide detailed statistical estimates of atmospheric properties
for a size-able exoplanet sample with broadband data. Our analysis reveals a trend
of low abundances of water vapour in the hot Jupiter atmospheres compared to their
stars and the Sun, suggesting that a majority of hot Jupiters in our galaxy may har-
bour atmospheres depleted in water vapour. Importantly, the low water and oxygen
abundances suggest that the majority of hot Jupiters undergo disk-free migration to
their present locations. Second, we introduce a novel retrieval framework, Aura, for
the joint study of planetary and stellar properties imprinted in a transmission spec-
trum. This method is the first in the literature to provide combined constraints on
stellar and planetary properties. Our study finds that the spectra of four hot Jupiters
in the previous sample show potential evidence of stellar contamination due to het-
erogeneity features in the photospheres of their stars. Such a joint framework lays a
first foundation to disentangling spectral features which originate in the atmospheres
of exoplanets from those present in the stellar photospheres.
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We also present a new retrieval method for directly-imaged exoplanets and brown
dwarfs. The retrieval structure is applied to the most iconic imaged system, HR 8799,
composed of four giant companions. We find the presence of water vapour at high
confidence (>5σ) in all four atmospheres and strong evidence for carbon monoxide at
high abundances in the atmospheres of the two outer companions. The O/H ratios in
the companion atmospheres are enhanced by over 6× the solar value, and the C/O
ratios of HR 8799b and HR 8799c are distinctly super-solar.
We finally present two additional applications of our retrieval methods to at-
mospheric observations with collaborators outside of Cambridge. We interpret the
day-side atmosphere of the highly irradiated hot Jupiter WASP-18b and find evi-
dence of a strong thermal inversion due to carbon monoxide and an atmosphere with
a super-solar metallicity and C/O ratio. Finally, we characterise the most complete
transmission spectrum of the giant planet XO-1b spanning the optical to infrared and
find an atmosphere composed of inhomogeneous clouds and a low water abundance
compared to the solar expectation.
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1.1 A Crescendo of Exoplanets
The history of exoplanetary science is the story of the out-looking mind. Since the
remotest of times the human mind has meditated on the possibility of planetary sys-
tems beyond our own. These imaginations were seeds which have come to a flowering
only within the past three decades. At present, a few thousand exoplanets have been
revealed and it is now thought that every star in the night sky is host to at least one
planet (Cassan et al., 2012). The album of these discovered exoplanets embodies the
variety of Nature. The properties of exoplanets span the extremes of temperature,
mass, size, composition, and orbital configurations such that our imagination of what
may be is never far away from what is. Figure 1.1 shows a glimpse of this planetary
variety revealed by the Kepler Space Telescope between 2009 and 2013.
The discovery of planets in the solar system was accomplished mainly by Baby-
lonian astronomers through careful, direct observations (Sachs, 1974). Exoplanets
similar to the planets in our solar system are a billion times fainter compared to
their stars and would have small projected separations from their stars due to their
great distances (see Figure 3-6 in Dalcanton et al., 2015). These challenges make
it difficult to obtain similar direct observations of exoplanets, especially since the
diffraction limits of even the largest of ground telescopes in the spectral range where
planets emit light are similar to the projected angles of such planets in the sky, and
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Figure 1.1: The variety of exoplanets discovered by the Kepler Space Telescope be-
tween 2009 and 2013. The planets span the domains of temperature, radius, and
orbital periods. A large number of planets are Earth-sized.
Earth’s atmosphere also provides blurring (Dalcanton et al., 2015). In light of these
challenges, the crescendo in exoplanet discoveries – particularly in the past decade –
is surely owed to clever technological developments.
Detection technologies based on the dynamical perturbation of the star by an
orbiting planet bore the first discovery of an exoplanetary system in 1992. In par-
ticular, precision timing of pulsar light achieved the first convincing detection of at
least two terrestrial-mass exoplanets around a pulsar (Wolszczan and Frail, 1992)
and illustrated, from the start, that planets could exist in environments thought to
be impossible. Radial velocity measurements, whereby an orbiting planet induces
a periodic Doppler shift in the light received from a star, presented the first tenta-
tive suggestions (subsequently confirmed) of sub-stellar mass companions to stars of
varied evolutionary stages (Campbell et al., 1988; Latham et al., 1989; Hatzes and
Cochran, 1993).
However, the first conclusive detection of an exoplanet orbiting a main-sequence
star was reported by Mayor and Queloz (1995). The discovered planet, 51 Pegasi b,
18
is the size of Jupiter and circles its parent star every 4.23 Earth days. This discovery
became a precedent for similar future detections of close-in Jovian-size planets, and
together with the pulsar discovery (Wolszczan and Frail, 1992), facilitated a break
from a state of mind in which exoplanets should show similarity with solar system
planets. It also provoked a transformation of thought about planetary formation and
evolution, in the sense that planetary evolution is dynamic and may involve substan-
tial inward migration (Goldreich and Tremaine, 1980; Rasio and Ford, 1996). In the
period since, radial velocity measurements have identified an increasing population of
exoplanets with periods spanning from 1 day to 10,000 days, and has been the most
successful discovery technique between 1995 and 2009.
Transiting exoplanets have since exceeded radial velocity detections in abundance.
A transiting planet is one whose orbit lies orthogonal to the plane of the sky such that
it eclipses its star as viewed from Earth. The planet is discovered through dips in the
stellar brightness during its transit in front of the star. The first discovered transiting
exoplanet, HD 209458b, was identified independently by two research groups: Henry
et al. (1999, 2000) and Charbonneau et al. (2000). Since then the population of
known transiting exoplanets has burgeoned, due in large part to NASA’s Kepler Space
Telescope (Kepler) that was launched in 2009. In 2014 and 2016 alone, the mission
verified 715 and 1,284 new exoplanets, respectively – the latter constituting the single
largest finding of planets to date. Today, there are 3,026 bona fide exoplanet transits
and about 2,000 candidates that are awaiting further observations.
The most familiar exoplanet discovery method is direct imaging. In contrast to
the transit and radial velocity detection techniques (and which are indirect methods),
direct imaging qualifies best at discovering sub-stellar mass objects far from the star
at tens of astronomical units (AUs) and characterising their atmospheres through
spectroscopy and photometry. At the moment, imaged objects are unresolved point
sources but the holy grail of this method in the far future is spatially-resolved im-
ages of their facing hemispheres. Remarkable examples of imaged systems include a
quadruple of companions around HR 8799 (Marois et al., 2008, 2010), Fomalhaut b
(Kalas et al., 2008), β Pictoris b (Lagrange et al., 2009), and Gliese 229b (Nakajima
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et al., 1995). Of these the HR 8799 system is of special note. Observations with the
Keck and Gemini telescopes revealed four objects with projected separations of 15,
24, 38, and 68 AU around the star HR 8799 (Marois et al., 2008, 2010), and a series
of images in time since 2008 confirm their orbital motion around HR 8799. Today,
there are about 44 confirmed imaged sub-stellar companions sporting semi-major axes
between 2 and 2,500 AU (Exoplanetarchive.ipac.caltech.edu, 2019).
Now, 27 years after the first exoplanet discovery, the archived planetary systems
from the above methods reflect the infinite diversity and personality of Nature. Ex-
oplanets have been found to orbit a wide range of stellar types from main-sequence
stars (e.g., 51 Pegasi b, Mayor and Queloz, 1995) to post-main sequence phases such
as giant stars, pulsars and white dwarfs (e.g., Wolszczan and Kuchner, 2010; Vander-
burg et al., 2015). Many exoplanets are hot gas giants (known as ‘hot Jupiters’, e.g.,
51 Pegasi b) residing ten times closer to their stars than Mercury is to our Sun (0.39
AU) such that their orbital periods are only a few Earth days. Others are cold and lo-
cated more than 3,000 times away than 0.39 AU (Exoplanetarchive.ipac.caltech.edu,
2019). Some planetary orbits are inclined with respect to the star’s equatorial plane,
while others rotate or orbit oppositely to their stars. Their potential bulk composi-
tions are also broad: water worlds, diamond spheres, lava worlds, and rocky planets
stripped of their atmospheres are some of the examples.1
Of the thousands of confirmed exoplanets, there are more than 600 multiple plan-
etary systems having between two and eight planets. Systems with multiple planets
are actively being discovered as transit and radial velocity surveys increase their tem-
poral baselines and improve their sensitivities. The first discovery of multiple planets
around a main-sequence star was υ Andromedae, composed of one hot Jupiter and
two more massive planets on periods exceeding 240 days (Butler et al., 1999). A
long-term radial velocity trend was used to infer an additional planet with a period
of 10.5 years (Curiel et al., 2011). Other systems comprise more planets. The five-
1Water worlds are exo-terrestrial planets containing a substantial amount of liquid water either
at their surfaces or subsurfaces, lava planets have surfaces mostly or entirely covered by molten
magma, and diamond planets are composed of a considerable amount of carbon, much of which may
be in the form of diamond as a result of the high temperatures and pressures in planetary interiors.
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planet system of 55 Cancri (Fischer et al., 2008) has an Earth-sized lava world, 55
Cancri e (Demory et al., 2016), and HD 10180 hosts seven planets (with potentially
two more) of which five have masses similar to Neptune (Lovis et al., 2011). Perhaps
the most iconic system, TRAPPIST-1 contains seven Earth-sized planets in compact
orbits of which three reside in the canonical ‘habitable zone’ where liquid water can
exist (Gillon et al., 2017). After the solar system, Kepler-90 is the only known plane-
tary system to date with eight planets (Cabrera et al., 2014; Shallue and Vanderburg,
2018). The six inner planets range from super-Earths to mini-Neptunes while the two
outer planets are gas giants. The furthest planet orbits the star at the same distance
as Earth from the Sun.
1.2 From Discovery to Characterisation
Beyond the veritable richness in planetary types and architectures, a more detailed
study of exoplanets requires observations of their atmospheres. Observations of ex-
oplanetary atmospheres using spectrographs and photometers provide a treasury of
information and allow for their detailed characterisations. Major properties which
influence an atmospheric spectrum are the chemical compositions and abundances,
the temperature structure, and the presence of aerosols (i.e., clouds and hazes) in the
atmosphere. Importantly, spectra of the same planet provide different information
depending on the planet’s alignment geometry at the time of observation.
The atmospheric structure and properties of a transiting planet are accessible
when it eclipses or transits its star, as well as during secondary eclipse just before it
is eclipsed by its star. When the planet eclipses its star, stellar light filters through
the atmosphere at the planet’s limb. At wavelengths where particles in the atmo-
sphere absorb or scatter light efficiently, the transmitted radiation decreases and the
planet appears larger. The true potency of the transit method lies in its power to
identify and quantify the amount of molecular and atomic gases in the observable
atmosphere (i.e., at optical depths below one; τ(λ) < 1) from their unique absorp-
tion features which are engraved in the transmission spectrum. The population of
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known transiting planets orbit close to their stars and are expected to be in tidal
locking similar to the Moon-Earth system, and they are therefore expected to display
permanent day and night hemispheres. The general transmission spectrum therefore
provides information on molecular and atomic gases as well as clouds and hazes (i.e.,
liquids/solids) along the day-night transition region of the planetary atmosphere. In
addition, the transiting geometry can be used to measure the planet’s inclination rel-
ative to the stellar rotation axis (i.e., the Rossiter-McLaughlin effect, Triaud (2017)),
while variations in the timing of transits can suggest additional planets or satellites
in the system through the method of TTVs (Agol and Fabrycky, 2017).
On the other hand, when the planet is nearly occulted by its star during sec-
ondary eclipse, the inherent thermal radiation from the planet can be observed. The
thermal spectrum of the planet is obtained by subtracting the combined stellar and
planetary day-side flux before occultation to the stellar flux during occultation, and
is particularly suitable in characterising the temperature structure of the day-side
atmosphere (Madhusudhan, 2018). This quality is especially important since thermal
spectra, unlike during primary eclipse, can manifest emission and absorption fea-
tures corresponding to atmospheric temperature increases and decreases with height,
respectively.
Spectra of directly-imaged exoplanets and brown dwarfs allow similar characterisa-
tions as secondary eclipse observations. Since imaging facilities are currently sensitive
to objects at a few tens of AU from the star, the observed light is also thermal emis-
sion from the object and probes the infrared region, but temperature inversions are
not expected unlike for secondary eclipse due to the negligible irradiation from their
host stars. However, the relative faintness of even the most massive objects to their
host stars as well as the interference and scattering of stellar light (known as ‘speckle’
noise) along the path to a telescope’s detector can hamper the discovery and char-
acterisation of objects at tens of AU. Fortunately, growing instrumental capabilities
and an intelligent selection of targets makes imaging and characterisation possible.
First, adaptive optics (AO) systems on large-aperture ground telescopes such as the
Very Large Telescope (VLT), Keck, and Gemini help correct for the effects of scat-
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tered light in Earth’s atmosphere and enhance signal-to-noise ratios. Second, novel
coronograph designs have been achieved to suppress light from the star (Lyot, 1939;
Guyon et al., 2006). Third, various post-processing methods have emerged to dimin-
ish ‘speckle’ noise due to scattered and interfering starlight within the optical path of
a telescope resulting from surface errors on telescope mirrors and instrument optics
(Marois et al., 2006; Traub and Oppenheimer, 2010). Finally, these advancements
are helped by a focus on young stellar systems since young companion objects are at
their brightest and cool over time (e.g., Burrows et al., 1997).
The chemical composition imprinted in the spectrum of an atmosphere is also a
reflection of a planet’s past, representing a chronicle of the formation and evolutionary
processes experienced throughout its history. Deciphering the formation pathways
from the observable chemistry in a spectrum represents a challenging aspiration since
the composition of a planet as observed today depends on the compositions of the
gas and solids gathered in the natal protoplanetary disc and which evolve in time and
orbital distance (Öberg et al., 2011; Eistrup et al., 2018). Nevertheless, various studies
have explored the effects of formation pathways on the observable compositions of
giant exoplanets (e.g., Madhusudhan et al., 2014a; Helling et al., 2014; Turrini et al.,
2015; Cridland et al., 2016; Mordasini et al., 2016; Booth et al., 2017; Madhusudhan
et al., 2017).
High carbon-to-oxygen ratios (∼1) and sub-stellar O and C abundances in hot
Jupiter atmospheres can potentially signify a migration mechanism that does not in-
volve significant solid accretion (i.e., disk-free migration; Madhusudhan et al. (2014a))
or involve a formation by pebble-sized solids without significant erosion of the core
and with or without migration through the disk (Madhusudhan et al., 2017). On
the other hand, planets which form through core-accretion and migrate through the
disk result in oxygen-rich compositions in the observable atmospheres, leading to
sub-stellar C/O ratios (Cridland et al., 2016; Mordasini et al., 2016). Beyond investi-
gations of the atmospheric carbon and oxygen abundances, new studies are suggesting
the potency of using the nitrogen abundance to constrain a planet’s formation his-
tory (Piso et al., 2016; Booth and Clarke, 2018). Thus the atmosphere is a planet’s
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diary, and its revelation can lead to potential insights into a planet’s formation and
migration scenarios.
A number of facilities have allowed formative strides in illuminating the atmo-
spheres of exoplanets. The Hubble Space Telescope (HST) has lead the characteri-
sation of planets in primary and secondary eclipse geometries since the early 2000s.
Observations have been made with various spectroscopic modes of the Space Telescope
Imaging Spectrograph (STIS) between 0.3 and 1 µm (e.g., Sing et al., 2013; Nikolov
et al., 2014; Sing et al., 2016; Fischer et al., 2016), the Wide Field Camera 3 (WFC3)
between 0.8 and 1.7 µm (e.g., Deming et al., 2013; McCullough et al., 2014; de Wit
et al., 2016; Wakeford et al., 2017; de Wit et al., 2018), and the Advanced Camera
for Surveys (ACS) between 0.35 and 1.1 µm (e.g., Pont et al., 2008). NASA’s Spitzer
Space Telescope (Spitzer) has also performed numerous measurements of the atmo-
spheres of transiting planets using the Infrared Array Camera (IRAC) photometric
bandpasses centered at 3.6, 4.5, 5.8, and 8 µm (e.g., Deming et al., 2007; Knutson
et al., 2007; Machalek et al., 2008; Knutson et al., 2010; Demory et al., 2016; Sing
et al., 2016; Wong et al., 2016; Sheppard et al., 2017). Since the exhaustion of its
cryogen in 2009, Spitzer has assumed its ‘warm mission’ phase with only the 3.6 and
4.5 wavelength channels remaining fully functional.
On the other hand, the direct detection of planets and brown dwarfs requires high
spatial resolution and high contrast between the planet and the star and has thus
relied on large-aperture ground facilities. The Spectro-Polarimetric High-contrast
Exoplanet Research (SPHERE) project at the VLT and the Gemini Planet Imager
(GPI) at Gemini South were built especially for high-contrast exoplanet detection and
characterisation. An essential feature of these facilities is the technique of integral
field spectroscopy (IFS), whereby a spectrum is acquired for each pixel in a two-
dimensional field of view which enables the spectrum of an imaged object to be
extracted. Other popular direct-imaging facilities with adaptive optics include Keck-
AO (van Dam et al., 2006), LBT-ARGOS (Hill et al., 2010), and Subaru-AO188-CIAO
(Watanabe et al., 2004).
The detail of exoplanetary studies will soar with future telescope facilities. The
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James Webb Space Telescope (JWST) will enable high-precision spectroscopy of tran-
siting and imaged planets (e.g., Clampin, 2009; Seager et al., 2009; Barstow et al.,
2015; Greene et al., 2016; Mollière et al., 2017). Its four basic instruments – NIR-
Spec, NIRISS, NIRCam, and MIRI – can span 0.6 to 29 µm with resolving powers
(R) of 100 to 2,700, and can therefore yield vital information on gaseous absorp-
tion features as well as cloud and haze properties for transiting planets. While the
JWST was not designed for high-contrast direct imaging, NIRCam and MIRI have
coronographs with their own wavelength filters that will provide important baseline
measurements. The next generation of extremely large ground observatories – the
European Extremely Large Telescope (E-ELT) (eso.org/sci/facilities/eelt), the Giant
Magellan Telescope (GMT) (Johns, 2008), and the Thirty Metre Telescope (TMT)
(Crampton et al., 2009) – will have instruments which will be capable of performing
spectroscopy of Earth-sized planets in the habitable zones of cool stars. For example,
the IRIS IFS on the TMT (Wright et al., 2014) will cover 0.8 − 2.5 µm and could
provide high-precision flux measurements for all four companions in the HR 8799
system at resolving powers between 4,000 and 8,000 (Currie, 2016).
Faced with a transmission or thermal emission spectrum from the numerous in-
struments above, a model of the atmosphere is required to interpret the information
concealed therein. A variety of atmospheric modeling methods have been developed
for this purpose and advances in modeling approaches are progressing on many planes.
We attempt to condense these modeling efforts in the following section.
1.3 Models of Exoplanetary Atmospheres
The first theoretical models of exoplanetary atmospheres developed in parallel with
the earliest radial velocity detections at the turn of the century (Burrows et al., 1997;
Marley et al., 1999; Burrows and Sharp, 1999; Goukenleuque et al., 2000; Sudarsky
et al., 2000; Seager and Sasselov, 2000; Brown, 2001; Hubbard et al., 2001; Barman
et al., 2001). The first model of transmission spectra was by Seager and Sasselov
(2000) and emphasised the prospects of observing sodium and potassium absorption
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features in the optical wavelength range in addition to helium, water, and methane
features in the near-infrared. Sophistication in transmission spectra grew soon after
with Brown (2001) and Hubbard et al. (2001), which showed that high-altitude clouds
can decrease the amplitude of absorption features in the infrared.
Various theoretical developments have since been explored for transiting planets in
primary and secondary configurations. These models generally assume chemical equi-
librium with solar elemental abundances, where chemical equilibrium is the state in
which molecules and atoms in an atmosphere are present in steady concentrations such
that they do not change with time. The assumption of chemical equilibrium serves as
a manageable first representation of atmospheres since the abundances of molecular
and atomic gases can be calculated in a relatively simple way for given temperatures,
pressures and elemental abundances through minimization of the Gibbs free energy
of the system (e.g., Sharp and Huebner, 1990; Burrows and Sharp, 1999; Lodders and
Fegley, 2002; Madhusudhan, 2012; Mollière et al., 2015; Blecic et al., 2016; Heng and
Tsai, 2016). Chemical equilibrium represents a starting point to atmospheric studies
since it is valid only in the hottest, densest regions (at high atmospheric depths) or
for most of an atmosphere for very hot, strongly-irradiated planets (e.g., super-hot
Jupiters); in cooler and less dense regions of an atmosphere, the chemistry can be
shifted significantly out of equilibrium since the chemical reactions become slower
than other processes (e.g., turbulence and photochemistry).
The majority of theoretical developments are termed ‘self-consistent’ models, so
named because consistency is ensured among the temperature, chemistry, and radia-
tion field of the atmosphere. These models apply a constraint of radiative-convective
equilibrium (i.e., total energy conservation) and allow the determination of a temper-
ature profile consistent with the incident irradiation and the chemical compositions.
Popular ‘self-consistent’ models for the primary eclipse geometry include those of
Fortney et al. (2010), Mollière et al. (2017), and Goyal et al. (2018), while major
thermal emission models for secondary eclipse include those of Seager et al. (2005),
Burrows et al. (2008), and Gandhi and Madhusudhan (2017).
The differences among the various models lie in the complexity of their numer-
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ical methods and incorporated assumptions. In particular, major differences lie in
the approaches for solving the radiative transfer equation and for ensuring radiative-
convective equilibrium, the gas opacities (i.e., line-by-line or correlated-k), and the
consideration of physical processes such as clouds and convection. For example, Bur-
rows et al. (2008) uses a very accurate method to determine the temperature struc-
ture for radiative-convective equilibrium, a line-by-line treatment of opacities, and
Mie theory for spherical and chemically-homogeneous cloud particles; on the other
hand, Mollière et al. (2017) uses a less accurate but faster method to determine the
temperature structure for radiative-convective equilibrium, a correlated-k treatment
of opacities, and distribution of hollow spheres (DHS) theory for irregularly-shaped
condensate aggregates. A review of available self-consistent models is presented in
Heng and Marley (2017) and Gandhi and Madhusudhan (2017). The majority of such
theoretical models assume a one-dimensional atmosphere composed of an ideal gas.
The typical self-consistent model has three primary governing equations: the equa-
tion of hydrostatic equilibrium, the equation of radiative transfer, and the equation
of energy conservation.
Models typically start with an estimate for the temperature profile throughout the
atmosphere. The assumption of chemical equilibrium transforms the temperature
structure into chemical compositions and abundances assuming fiducial elemental
compositions and abundances, with the latter abundances usually assumed to be those
of the solar photosphere (Asplund et al., 2009) in the case of gas giant exoplanets.
The opacity in each layer of the atmosphere is then calculated for a limited number
of chemicals across all wavelengths. The radiative transfer equation is then solved
to determine the energy flux through each layer. The above scheme is iterated until
each layer satisfies energy conservation such that the energy flowing into a layer of the
atmosphere matches the energy flowing out. A satisfied system of equations provides
the final observed spectrum and temperature structure of the atmosphere.
The assumption of chemical equilibrium in these self-consistent models is a con-
venient first attempt to understanding exoplanetary atmospheres. At high pressures,
such as in the deep layers of hot Jupiters’ day-sides, chemical equilibrium is reason-
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able since the high densities make it easy to overcome energy barriers in both the
forward and reverse directions of a chemical reaction. However, for cooler and less
dense regions of an atmosphere, incident light from the star dissociates molecules and
turbulence mixes atmospheric fluid; chemical equilibrium can therefore be disturbed
and the chemical compositions and abundances can change significantly. The major-
ity of transiting planets may therefore be expected to host disequilibrium chemistry
in their upper atmospheres due to stellar-induced photolysis and tranport-induced
quenching (e.g., Moses et al., 2011; Miguel and Kaltenegger, 2014). The atmospheric
chemistry present in the atmospheres of transiting planets is then a contest between
the timescales of photochemistry and atmospheric dynamics and those associated
with the reactions of chemicals.
Departures from chemical equilibrium in models were first examined through cou-
pled thermochemical and photochemical/transport models, and were used to assess
how disequilibrium chemistry affects the composition and observable spectral proper-
ties of exoplanetary atmospheres (Moses et al., 2011; Moses, 2014). Important results
include a significant effect of photochemistry on molecules with weak bonds, such as
methane and ammonia. Moreover, turbulent mixing tends to significantly enhance
the abundances of hydrogen cyanide, methane, ammonia, and carbon monoxide over
their equilibrium values, and molecules are photochemically destroyed or converted
to other species at high atmospheric altitudes (see Figure 3 of Moses, 2014). There-
fore disequilibrium chemistry due to photolysis leads to an enhancement of atomic
oxygen, carbon, and nitrogen at pressures below ∼1 µbar.
The majority of self-consistent models considered above are one-dimensional and
as such cannot explicitly account for variations in temperature, chemistry, and dy-
namics across the longitude and latitude of a planet. A three-dimensional treatment,
though more challenging, facilitates more realism, especially for close-in hot giant
exoplanets which receive high stellar irradiation and have permanent day and night
sides. A large number of studies have investigated three-dimensional models of hot
Jupiters’ atmospheric circulation, called General Circulation Models or GCMs (e.g.,
Dobbs-Dixon and Lin, 2008; Showman et al., 2009; Mayne et al., 2014; Lee et al.,
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2016; Lines et al., 2018). A common emergent feature of these studies is the pres-
ence of hot equatorial winds with large velocities of 1− 4 km/s directed towards the
planet’s night-side.
Although the components of ‘self-consistent’ models are internally consonant, they
still suffer a number of limitations when faced with observations. First, as discussed
above, models are commonly generated under the assumption of thermochemical
equilibrium. However, the atmospheres of transiting planets are expected to host de-
partures from chemical equilibrium due to photolysis and gas dynamics. Importantly,
the diversity of exoplanetary properties as exhibited in Section 1.1 means that there
should also be significant departures from solar elemental abundances as commonly
assumed in such consistent models. Second, ‘self-consistent’ models are also time con-
suming in that relatively few models can be calculated for different assumptions of
elemental abundances. The limited number of models that can necessarily be evalu-
ated also limits a thorough exploration of a high-dimensional model parameter space.
Although measures of fit to observations can be gleaned using the chi-square statistic,
the statistic will not necessarily be reliable given a typically coarse grid over model
parameters and a largely unexplored parameter space (e.g., departures from solar
abundances and solar C/O ratios, day-night heat re-distributions, and disequilibrium
abundances).
A parallel approach to interpreting observations of exoplanetary atmospheres is
called a retrieval method, the first of which was developed by Madhusudhan and
Seager (2009). While the retrieval method of Madhusudhan and Seager (2009) is an
independent development, retrieval techniques have previously been developed and
used widely in the remote sensing of solar system planets (e.g., Houghton et al.,
1984; Hanel et al., 1992; Rodgers, 2000; Irwin et al., 2008). The retrieval approach
seeks to retrieve the composition and temperature structure of the atmosphere using
observations as a shepherd or direct guide, rather than estimating these using chemical
assumptions and energy balance as in the case of ‘self-consistent’ models. The retrieval
method couples a parametric model of the atmosphere with an algorithm capable of
sampling the free parameters of the model and provides statistical estimates of all
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model parameter values and their mutual correlations. The parametrisation of the
temperature profile and chemical abundances significantly shortens the evaluation
time of a model since the former are evaluated iteratively in self-consistent models
to reach a converged solution and are therefore computationally expensive. Hence
a retrieval approach permits the calculation of millions of models in the effort to
interpret a spectrum. The parameterised forward model also naturally eliminates
the assumption of chemical equilibrium such that the chemistry and temperature
imprinted in a spectrum can be revealed without an a priori prejudice.
There exist a number of retrieval frameworks that differ mainly in the way the
model parameter space is sampled. The initial retrieval method of Madhusudhan and
Seager (2009) can retrieve both primary and secondary eclipse spectra and operates
by searching over a grid of models covering a large parameter space. The Markov
Chain Monte Carlo method to parameter estimation was introduced into retrievals
with Madhusudhan and Seager (2011) and has since been adopted by other groups
(Blecic, 2016; Wakeford et al., 2017). Lee et al. (2012) and Barstow et al. (2017) use
an Optimal Estimation technique and Line et al. (2013) feature several additional
sampling methods (Bootstrap Monte Carlo and Differential Evolution Monte Carlo).
More recently, a new method called nested sampling (Skilling, 2004) has been incor-
porated into retrieval techniques and is one of the most powerful sampling algorithms
to date. This is because in addition to parameter estimation – as is possible with
the other algorithms above – nested sampling allows a quantitative way of comparing
models with different inherent assumptions. Given our general ignorance about the
content of an observed spectrum, nested sampling is a useful way to calibrate igno-
rance in a scientific way. The nested sampling algorithm is being used for retrievals in
the primary eclipse (Benneke and Seager, 2013; Waldmann et al., 2015b; MacDonald
and Madhusudhan, 2017a), secondary eclipse (Waldmann et al., 2015a; Oreshenko
et al., 2017; Gandhi and Madhusudhan, 2018), and direct imaging (Lavie et al., 2017)
geometries.
The above modeling approaches have been used to infer the chemistry and thermal
structure of various exoplanetary observations. We present a brief panorama of these
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characterisations in the next section.
1.4 Observations of Exoplanetary Atmospheres
Transiting exoplanets have been a veritable diamond mine, providing a wealth of
information on atmospheric chemistry and structure. Spectroscopy and photometry
during primary eclipse probes the limb of the planet and the long path length light
has to traverse means primary eclipse is more sensitive to absorption features from
chemicals than in the case of secondary eclipse.
The first characterisation of the atmosphere of a transiting planet was for HD
209458b and used HST STIS measurements to reveal absorption in the sodium dou-
blet at 0.589 µm (Charbonneau et al., 2002). More recent observations spanning the
optical and near-infrared show a definitive presence of water vapour, albeit at a low
quantity (Barman, 2007; Deming et al., 2013; Madhusudhan et al., 2014b; Barstow
et al., 2017). Along with HD 209458b, HD 189733b is one of the most observed
hot Jupiters and its observations throughout the years were combined in Pont et al.
(2013). The full spectrum has been used to suggest hazes due to the steep slope
of observations in the optical as well as the clear presence of water vapour with an
abundance similar to that of HD 209458b (Madhusudhan et al., 2014b; Barstow et al.,
2017).
Signatures of water vapour have also been found in HAT-P-1b (Wakeford et al.,
2013), WASP-12b (Kreidberg et al., 2015), WASP-19b (Huitson et al., 2013), WASP-
43b (Kreidberg et al., 2014c), and XO-1b (Deming et al., 2013) as well as in over a
dozen other hot Jupiters. The prominence of water in the atmospheres of many dis-
covered planets is remarkable albeit not unexpected, and is due to its unique absorp-
tion band at 1.4 µm where HST WFC3 is sensitive as well as its predicted ubiquity
in exoplanetary atmospheres across many temperatures (Madhusudhan, 2012) and
equilibrium/disequilibrium conditions (Moses, 2014).
Inferences of other chemicals in transiting planets are comparatively moderate.
There are tentative indications of nitrogen-based chemistry such as ammonia and
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hydrogen cyanide in the atmospheres of WASP-31b, WASP-63b, and HD 209458b
(MacDonald and Madhusudhan, 2017b). HST WFC3 observations of a hot Neptune
(Knutson et al., 2014a) and a super-Earth (Kreidberg et al., 2014a) have revealed flat
transmission spectra which imply the presence of either clouds or a large abundance
of heavy metals. In terms of atoms, HST STIS observations indicate strong sodium
absorption in HD 189733b, HAT-P-1b, and WASP-96b (Huitson et al., 2012; Nikolov
et al., 2014, 2018) and ground-based observations reveal similar line strengths in
the atmospheres of WASP-17b and XO-2b (Wood et al., 2011; Sing et al., 2012).
Potassium absorption at 778.8 nm has been identified in over half a dozen atmospheres
(e.g., Nikolov et al., 2015). Heavier atoms and ions have also been inferred as in the
case of the most studied planet, HD 209458b, where O I, C II, and Si III are present
in its fleeting exosphere (Vidal-Madjar et al., 2004; Linsky et al., 2010).
The first measurement of the thermal emission of a planet in secondary eclipse
was made for HD 209458b using the Spitzer Multiband Imaging Photometer (MIPS)
at 24 µm (Deming et al., 2005). A substantial number of hot Jupiters have since had
their thermal emission measured with Spitzer IRAC photometric channels and HST
WFC3. The majority of molecular detections are of water vapour. Reported water in
the daysides of hot Jupiters include WASP-43b (Kreidberg et al., 2014c), WASP-33b
(Haynes et al., 2015), and Tres-3b (Line et al., 2014), among others.
In addition to the atmospheric composition, thermal emission spectra during sec-
ondary eclipse are sensitive to the temperature structure of the atmosphere, especially
the potential of temperature inversions (i.e., an increasing temperature with increas-
ing atmospheric height). During the development of the earliest self-consistent models
it was hypothesised that metallic oxides such as TiO and VO can induce tempera-
ture inversions in hot atmospheres (Hubeny et al., 2003; Fortney et al., 2008). Clear
inferences of thermal inversions have since been made for three extremely irradiated
hot Jupiters with temperatures around 3,000 K: WASP-33b (Haynes et al., 2015),
WASP-121b (Evans et al., 2017), and WASP-18b (Sheppard et al., 2017). While the
presence of TiO or VO is evident in WASP-33b and WASP-121b, their signatures are
lacking in WASP-18b which instead has a large concentration of carbon monoxide
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gas.
Secondary eclipse observations and full phase curves have also enabled inferences
about atmospheric dynamics. The first full phase curve of a planet was obtained for
HD 189733b using the Spitzer IRAC 8 µm bandpass (Knutson et al., 2007). The
measurement indicated the presence of a highly energetic wind that is offset from
the point on the planet directly facing the star (called the ‘sub-stellar’ point) and
which redistributes heat from the day to night side. The spatial variation in thermal
emission across the dayside hemisphere of a planet can also be mapped through the
ingress and egress portions of a secondary eclipse measurement as a planet is eclipsed
by its star (Williams et al., 2006). Results for HD 189733b show an equatorial hot
spot which is shifted from the sub-stellar point (Majeau et al., 2012; de Wit et al.,
2012), consistent with the inference from the full phase curve of Knutson et al. (2007).
More recently, Demory et al. (2016) reported the first thermal map of a super-Earth,
55 Cancri e, and found a hot spot significantly shifted from the sub-stellar point and
a day-night temperature contrast of ∼1,300 K.
On the other hand, the characterisation of imaged exoplanets and brown dwarfs
is still in an early phase but a few inferences have nevertheless been made. The most
iconic imaged system, HR 8799, consists of four companion objects whose atmospheres
show evidence for water vapour (Lavie et al., 2017). The two outermost companions,
HR 8799b and HR 8799c, also show signatures of carbon monoxide vapour from
absorption features at 2.3 and 4.5 µm (Konopacky et al., 2013; Lavie et al., 2017).
The prominence of carbon monoxide and lack of methane is potentially indicative
of active non-equilibrium processes in the atmospheres since methane is expected to
be the dominant carrier of carbon at their low atmospheric temperatures assuming
chemical equilibrium (Madhusudhan, 2012; Heng and Tsai, 2016). Water vapour has
also been estimated for the giant planet κ Andromedae b (Todorov et al., 2016) and
the presence of H2O, CO, CH4, and NH3 have been demonstrated in brown dwarfs
(e.g., Oppenheimer et al., 1995; Geballe et al., 1996; Janson et al., 2011, 2013; Line
et al., 2015; Madhusudhan et al., 2016b; Line et al., 2017; Burningham et al., 2017).
Recent work is also using the brightness variations from rotating brown dwarfs to
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map the global cloud structures in their atmospheres (Lew et al., 2016; Apai et al.,
2017b; Manjavacas et al., 2018).
1.5 Areas of Needed Study
The developments in observation and theory discussed above are a testament to the
maturation of exoplanetary science and its promising future. Still, there are many
areas that remain unexplored or undeveloped which are in need of attention. Here
we briefly introduce the areas which serve as motivations for the work contained in
this thesis.
1.5.1 Project I: Solid Enrichment of Giant Planetary En-
velopes
One of the aspirations in the study of atmospheric chemistry is its potential to shed
light on the formation and migration conditions of a planet. The chemistry of an
atmosphere, particularly its elemental abundances in the form of oxygen and carbon,
have been considered to interpret possible formation locations (Öberg et al., 2011) as
well as formation and migration mechanisms of planets (Madhusudhan et al., 2014a,
2017; Booth et al., 2017). For example, a low oxygen abundance in a hot Jupiter
atmosphere can suggest inward migration to its current location through gravitational
interactions with other massive objects in the system (see Figure 3 of Madhusudhan
et al., 2014a), although oxygen contained in clouds may represent ∼0.15 of the total
oxygen abundance (see Figure 9 of Helling et al., 2016) and thereby slightly change
the narrative. Given that protoplanetary disks are composed of both gases and solids,
the inferred chemistry from observations of atmospheres probe the accreted gas, but
potentially also accreted solids by the planet during its formation.
It is therefore important to understand to what extent accreted solids evaporate
and contribute to the chemistry of the atmosphere. We have thus been motivated to
study the following question: to what extent does the atmosphere of a planet reflect
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the solids which it accreted during the later stages of its formation? The study of this
question is presented in Chapter 2 and is based on Pinhas et al. (2016). The results
suggest that the atmosphere of a gas giant planet should reflect the accreted solids
throughout most of its life.
1.5.2 Project II: Clouds in Exoplanetary Transmission Spec-
tra
Equal in importance to the study of evaporated solids in atmospheres is the con-
densation of the gas to liquids or solids, known as clouds and hazes. Clouds and
hazes present the most challenging aspects in interpreting observations of exoplan-
etary atmospheres. The inference of clouds/hazes in exoplanets derives from their
ubiquity in solar system planets as well as from particular spectral features present
in atmospheric observations. The increasing precisions and resolving powers of future
observations (e.g., with the JWST) means that small differences in cloud and haze
properties will be more expressed in the observations. We have thus been motivated
to study the detailed spectral characteristics of clouds and hazes. In particular, we ex-
plore three observable metrics that can be used to constrain the properties of clouds:
the slope in the optical wavelength region, the uniformity of this slope, and features
in the infrared. This study is contained in Chapter 3 and is based on Pinhas and
Madhusudhan (2017).
1.5.3 Project III: H2O Abundances and Cloud Properties in
Ten Hot Giant Exoplanets
Another challenge is the accurate inference of molecular gas abundances in transmis-
sion spectra. For example, an observed water vapour feature of small amplitude can
be due either to an inherently low abundance of the gas (Madhusudhan et al., 2014b;
Barstow et al., 2017) or a significant presence of clouds (Deming et al., 2013; Sing
et al., 2016). In light of this degeneracy, we carry out a detailed retrieval analysis
of the water vapour abundances in ten hot giant exoplanets with broadband transit
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observations. This research is presented in Chapter 5 and is published in Pinhas et al.
(2019). An outline of the retrieval method used in this study is presented in Chapter
4. We retrieve the water abundances by using an inhomogeneous cloud and haze
model along with observations in the optical, which provide a long spectral range and
act to reduce degeneracies. Importantly, our study finds a pattern of low water abun-
dances for the majority of the hot Jupiters and indicates the importance of disk-free
migration for hot Jupiters.
1.5.4 Project IV: Retrieving the Stellar and Planetary Influ-
ence on a Transmission Spectrum
An assumption that enters Project III is that the disk of the star is homogeneous and
can be represented by one spectrum and radius. In reality stellar photospheres are
not homogeneous. Active regions of the stellar surface, in the form of cool spots or
hot faculae, make the stellar photosphere heterogeneous. Such features on active stars
can induce modifications to a transmission spectrum that would otherwise be due to
features originating from the planetary atmosphere alone. For example, the slope of a
transmission spectrum in the visible wavelength region is usually interpreted as hazes
or clouds composed of small particles, and yet the slope in the optical can also be
caused by cool star spots which are unocculted by a transiting planet.
It is therefore crucial to be able to disentangle stellar and planetary features from
a spectrum. We have developed a new retrieval method, Aura, for inferring both
planetary and stellar properties from a transmission spectrum. This development is
presented in Chapter 6 and is published in Pinhas et al. (2018). We apply our retrieval
framework to nine of the gas giants in Project III to determine the significance of
stellar heterogeneity and hazes/clouds in their spectra. We find evidence – albeit not
strong – of stellar contamination in the spectra of four of the hot Jupiters.
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1.5.5 Project V: Retrieving the Spectra of the Directly-Imaged
HR 8799 Companions
The advent of direct imaging has ushered in a new era of atmospheric characteri-
sation of giant exoplanets and brown dwarf companions at large orbital separations
from their stars. Inferences of properties of imaged companions have usually relied on
evolutionary models together with ‘self-consistent’ atmospheric models. The atmo-
spheric models are typically limited by the assumptions of chemical equilibrium with
solar abundances and the ability to calculate only a few models. The evolutionary
models also have to assume an age for the system to derive the mass of a companion.
We have aimed to move beyond these and other limitations.
We discuss a new retrieval paradigm for interpreting the thermal emission spectra
of directly-imaged companions. This work is contained in Chapter 7. We apply our
retrieval framework to the most iconic imaged system, HR 8799, and characterise
the atmospheres of the four companions around the star. We find clear signatures
(>5σ) of water vapour and super-solar oxygen metallicities in all four companion
atmospheres.
1.5.6 Projects VI & VII: Retrieving the Spectra of the Tran-
siting Planets WASP-18b and XO-1b
The set of retrieval methods presented in Chapters 4−7 have also been applied to
several observations as part of collaborations with colleagues outside the IoA. Chapter
8 discusses our contribution and the results from these two projects which are officially
published in Sheppard et al. (2017) and Southworth et al. (2018). A fellow PhD
student and I interpreted the secondary eclipse spectrum of the highly irradiated
hot Jupiter WASP-18b and found evidence of a strong thermal inversion, a high
abundance of carbon monoxide gas, and an atmosphere with a super-solar metallicity
and C/O ratio. I also characterised the transmission spectrum of the giant planet
XO-1b spanning the optical to infrared and found its atmosphere is best explained by
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inhomogeneous clouds and a low water abundance compared to the solar expectation.
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Chapter 2
Solid Enrichment of Giant
Planetary Envelopes
2.1 Atmospheric Chemistry as a Diary
One of the new frontiers in exoplanetary science is the consideration of an exoplane-
tary atmosphere as a diary which can give insights into the formation and migration
history of a planet. In particular, the abundances of elements such as oxygen and car-
bon in the atmospheres of giant planets are being pursued as a way to constrain the
conditions and processes of planetary formation and migration (Öberg et al., 2011;
Madhusudhan et al., 2014a; Mordasini et al., 2016; Madhusudhan et al., 2017; Booth
et al., 2017).
The fundamental assumption in the effort to constrain the formation history of a
planet from observed atmospheric abundances is that the observed elemental abun-
dances represent the sum-total of elemental abundances in the gas and solids ac-
creted throughout the planet’s history, provided there’s minimal processing of the
atmosphere (e.g., photo-induced erosion). This assumption is critically important
as the metallicity of an atmosphere (e.g., O/H or C/H ratios) is directly related to
the amount of accreted solids dissolved in the atmosphere. For example, super-stellar
metallicities are strong indicators of substantial planetesimal accretion (Podolak et al.,
1988; Pollack et al., 1996; Wong et al., 2004). On the other hand, when sub-stellar
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metallicities are observed it is unclear if they are due to a lack of substantial planetes-
imal accretion or if the accreted planetesimals have not ablated significantly in the
atmosphere, assuming minimal atmospheric processing. Therefore, a primary ques-
tion to be answered currently is to what extent do accreted planetesimals ablate in
the gaseous envelopes of giant planets as opposed to sinking to the core partially or
fully with limited contribution to the envelopes. The present chapter is focused on
addressing this question.
In particular, our work focuses on planetesimal accretion into the envelopes of
a Jovian-like planet.1 We investigate how planetesimals ablate and thus chemically
enrich Jovian-like exoplanetary envelopes and their overlying atmospheres by fol-
lowing the evolution of impactors with different compositions and initial conditions.
The compositions, sizes, and velocities of accreted planetesimals will have differential
effects on the composition of planetary envelopes throughout the process of forma-
tion and evolution. The ablated chemistry from the impacting planetesimals will
subsequently experience mixing through convection, transporting material to the ob-
servable atmosphere.
We present our planetesimal ablation model as follows. We first discuss the plan-
etary structure of a Jovian-analogue planet in Section 2.2, which is then used as a
background to study how planetesimals ablate and evolve in Sections 2.3 and 2.4. We
discuss and consider two forms of ablation: frictional ablation and thermal ablation.
We present a sample of results in Section 2.5, with a focus on iron bolides. We then
present potential improvements of our model and review the essential outcomes of
our study in Sections 2.6 and 2.7. This work is published in Pinhas et al. (2016).
2.2 Planetary Structure
The study of the ablation and dynamics of impacting planetesimals first requires a
model for the planetary structure. Here we detail our fiducial model for the planetary
structure which is assumed to be similar to that of Jupiter.
1We use the terms ‘planetesimal’, ‘bolide’, and ‘impactor’ as synonyms throughout our work.
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2.2.1 Internal Structure Model
The interior structure of gas giant planets broadly divides into three layers. Our
fiducial planet consists of a solid core surrounded by two adiabatic fluid layers. We
call the two fluid layers the ‘outer envelope’ and ‘inner envelope’ and these are assumed
to be homogeneously mixed with differential compositions of hydrogen and helium.
The composition of the core is not modeled and we treat its surface as a boundary
where our structure equations and planetesimal evolution stop. The internal structure
model does not include heavier metals due to their trace quantities, but nevertheless
captures the dominant physics from hydrogen and helium. The outer and inner
envelopes are used as backgrounds for the evolution of planetesimals.
The equations of state of hydrogen and helium effective in the two envelopes are
created through a patchwork of experiments and theoretical simulations for hydrogen
and helium and span large domains in density, pressure, and temperature applicable
to gas giant planets and brown dwarfs (Becker et al., 2014). The equations of state
represent extensive simulations using density functional theory molecular dynamics
(DFT-MD) in the regimes of high density and pressure, where experiments are limited
and quantum phenomena occur such as pressure dissociation of molecular hydrogen
and ionizations of hydrogen and helium. These DFT-MD calculations are combined
with simulations of fluid variational theory (FVT) in the transition region between the
ideal gas limit and the quantum limit of DFT-MD. The resulting equations of state
generally ensure a consistency in thermodynamics to better than 1 percent (Becker
et al., 2014).
2.2.2 Planetary Construction
Here we construct the structure of a giant planet with the three fiducial layers de-





























(Becker et al., 2013, equation (2)), (2.3)
where the slope of the temperature with respect to the pressure is assumed at constant
entropy and u is the internal energy per unit mass of the fluid. The total density is










where X and Y are the mass of hydrogen and helium in a unit volume defined as
X = mH/(mH + mHe) and Y = mHe/(mH + mHe). We solve these equations using a
fourth-order Runge-Kutta approach (see section 17.1 of Press et al., 1992).
The numerical integration of these equations requires specifying explicit boundary
conditions and mass fractions for hydrogen and helium. We set the temperature at
the top of the planet to T = 170 K at a pressure of 1 bar from Galileo probe data
(Seiff et al., 1998). The mass abundances of hydrogen and helium in the outer and
inner envelopes are taken as X↑ = 0.762, Y↑ = 0.238, X↓ = 0.709, and Y↓ = 0.291
(Nettelmann et al., 2012)2, where the transition pressure between the outer and inner
envelopes is assumed to be p↑−↓ = 4 Mbar (see the J11-4a model of Nettelmann et al.,
2012). The location of layer boundaries and the mass fractions in the layers match
observational constraints within the errors (Nettelmann et al., 2012). The radius at
the upper boundary of the outer envelope is RJ = 69911 km and we stop integration
of the equations at the core boundary at a pressure of p = 41.687 Mbar.
The internal structure of the planet is shown in Figure 2.1. The temperature and
density are illustrated as functions of altitude and pressure throughout the planet.
The temperature profile extends from 170 K at the upper boundary to about 20,000
2The value of Y↑ is obtained from Galileo probe data (von Zahn and Hunten, 1996) and the value
of Y↓ is obtained from matching the observed gravitational moments J2, J4, and J6 (see Section 2.3
of Nettelmann et al., 2012).
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Figure 2.1: Internal structure of the planet. Left panel: Pressure as a function of
temperature and density in the planet based on the hydrogen and helium equations
of state of Becker et al. (2014). The dashed horizontal grey line at 4 Mbar shows
the demarcation between the outer and inner envelopes and defines the transition of
hydrogen from an insulator (i.e., mostly in H2) to a metallic liquid. The pressure
ranges from 1 bar to 41.687 Mbar at the core boundary. Right panel: Altitude in the
planet as a function of temperature and density. The dashed horizontal grey line at a
radius of 0.72 shows the demarcation between the outer and inner envelopes similar
to the one in the left panel. The relation between pressure and altitude is therefore
significantly non-linear.
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K at the core boundary of p = 41.687 Mbar at an altitude of 0.275 RJ. The density
spans over nearly four orders of magnitude from 10−1 kg m−3 to ∼4 × 103 kg m−3.
The ideal gas limit extends from 10−1 kg m−3 to ∼102 kg m−3, beyond which non-
ideal effects such as pressure dissociation and ionization begin to gain influence. The
insulator-metallic transition above which most of the hydrogen is in molecular form
and below which metallic liquid hydrogen becomes physically favorable occurs at 4
Mbar and is shown by the horizontal gray dashed lines in both panels.
2.3 Planetesimal Dynamics
The established planetary structure can now be used to model the dynamical evolu-
tion of impacting planetesimals. Impacting bolides are accelerated by the gravity of
the planet and decelerated by aerodynamic drag which drives them toward terminal
velocity. The radial equation of motion in the polar-coordinate plane is thus
Mpl|~aradial| = | ~Fgravity|+ | ~Fdrag|, (2.5)







where the total acceleration vector in the polar-coordinate plane is ~a = (r̈− rθ̇2)êr +
(2ṙθ̇+rθ̈)êθ (MIT Dynamics Lecture, 2018). This equation assumes a reference frame
fixed at the centre of the planet. Here Mpl is the planetesimal mass; CD is the drag
coefficient; ρ is the envelope density surrounding the planetesimal; S is the cross-
sectional area of the planetesimal; and |~̇r|r is the radial portion of the planetesimal
velocity. The total velocity is ~̇r = ~̇rradial + ~̇rcircumferential = ṙêr + rθ̇êθ.
The size of planetesimals is larger than the typical mean free path of the envelope
particles and thus the particles form a hydrodynamic cushion underneath the impact-
ing bolide. In this limit, the total drag force on the impactor is due to Stokes drag
(Podolak et al., 1988), | ~FStokes| = 12CDρ(ṙ2 + r2θ̇2)S, where the ram pressure exerted
on the planetesimal is ρ|~̇r|2. The radial component of this drag force is represented
in equation (2.5). The drag coefficient CD, which acts as a multiplicative prefactor,
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is a function of the bolide velocity and the fluid viscosity (i.e., the ‘Reynolds num-
ber’). For Reynolds numbers above 103, the drag coefficient is nearly a constant at
1.0 (see Figure 2 of Seiff and Kirk, 1982; Podolak et al., 1988). Given that the typical
Reynolds numbers in our problem are ∼106, we assume a CD = 1, consistent with
typical estimates (Mac Low and Zahnle (1994), Field and Ferrara (1995), Chyba et al.
(1990) assume 1.0, 1.2, and 0.92, respectively).
The influx of planetesimals into the planet could generally span all initial trajec-
tories relative to a local zenith. Therefore the entry angle of a planetesimal is a free
variable in our model. The geometry of our planetesimal-planet system is shown in
Figure 2.2. The local zenith in Figure 2.2 is assumed to be the North Jovian Pole
(NJP) but our framework is valid for any local zenith. Drag forces always act anti-
parallel to the instantaneous velocity vector of the planetesimal. Regardless of initial
impactor angle, we assume all impactors begin from a local zenith in the r− θ plane
with projected velocities vr,i = |~̇ri| cosφi and vθ,i = |~̇ri| sinφi. The cross-section for
the aerodynamic force of a spherical bolide is always perpendicular to the drag vector
and is S(t) = πR2pl(t).
This fiducial geometry allows us to generate our first two dynamical evolution
equations for the radial and angular components of motion, providing the first two
important evolution relations for planetesimals,













The magnitudes of the drag force in the radial and circumferential directions are
determined by the angle φ carved between −~̂r and ~v with φ = |arctan(rθ̇/ṙ)|.
2.4 Planetesimal Ablation
Material ablates or evaporates from the surfaces of planetesimals as they move through












Figure 2.2: Geometry of the planet-planetesimal system. The two envelope layers
determine the dynamical evolution and ablation of impactors. Planetesimals enter
the upper envelope with an angle φi relative to the local zenith (in this case the
North Jovian Pole) and are accelerated toward the core of the planet by gravity and
decelerated by aerodynamic drag. The instantaneous angle between the total velocity
vector of the planetesimal and the radial velocity vector is φ and is φ = |arctan(rθ̇/ṙ)|.
The instantaneous position of impactors relative to the local zenith of impact is
represented by θ.
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gas flows below a planetesimal remove material from the surface when they exceed the
material strength of a bolide. We term this mechanism ‘frictional ablation’. Secondly,
the temperature of the surrounding envelope melts surface material and contributes
to ‘thermal ablation’ of a planetesimal. We consider these ablation mechanisms for
planetesimals with radii ranging from 30 metres to 1 km. We note that planetesimal-
planetesimal collisions could potentially occur outside the planetary atmosphere, but
our range over initial impactor radii essentially marginalises over modelling the details
of this process.
There are certainly more physical mechanisms that may ablate planetesimals or
increase the efficiency with which material is evaporated, such as the fragmentation
and lateral spread of impactors. Nevertheless, these additional mechanisms would act
to place the complete ablation of a planetesimal higher in the structured envelopes
than considered here. Our approach therefore places lower limits on wholesale abla-
tion altitudes which more sophisticated models should only lie above.
2.4.1 Frictional Ablation
Our study into the evolution of planetesimals is mainly concerned with the extent
of vaporisation and dissociation in the envelopes. Following Opik (1958), the kinetic
energy of a fluid through which a planetesimal sweeps in a unit time is Sρ|~̇r|3/2. Of
this value, a fraction CH is utilised in ablating and atomizing the planetesimal and







Here CH is the heat transfer coefficient and quantises the fraction of kinetic energy
used towards ablation from the cushion of fluid particles below the bolide. The
parameter Qabl is the specific energy that is necessary to break the chemical bonds
of a kilogram of planetesimal material. This represents the sum of latent heats of
fusion and vaporisation and the intermediate energy used in heating the bolides and
is generally a well-known quantity. On the other hand, determination of CH is a
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substantial challenge since it generally depends on the composition, mass, and velocity
of an impactor. An upper limit to CH is given by CH = CD/2 (Podolak et al., 1988),
but CH can also be considerably smaller than this upper limit (e.g., see Table 2 of
Svetsov et al., 1995). For our baseline model, however, we use an intermediate value of
CH = 0.01. The kinetic energy transferred to the bolide causes heating and ablation
of surface material and we therefore call this kind of evaporation ‘frictional ablation’.
The decrease in the mass of a planetesimal through equation (2.9) implies a de-
creasing cross-section S as the planetesimal shrinks. We focus on spherical impactors
and calculate the rate of radial change assuming homogeneous ablation from the
bolide surface. The radial rate of change, our fourth evolution equation, is derived
by differentiating the bolide mass Mpl =
4
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2.4.2 Coupled Solution of Dynamics and Frictional Ablation
The four coupled dynamical and mass-loss relations ((2.7), (2.8), (2.9), (2.11)) must
now be solved numerically. We use a fourth-order Runge-Kutta finite-difference nu-
merical scheme (see Section 16.1 of Press et al., 1992) to integrate a planetesimal’s
velocity and frictional ablation. The method of Runge-Kutta requires we generate
first order ordinary differential equations, and we therefore redefine some parameters
in the above relations. Our redefinition of parameters yi with i ∈ [1, 6] are: y1 ≡ ṙ,
y2 ≡ r, y3 ≡ Mpl, y4 ≡ Rpl, y5 ≡ θ̇, and y6 ≡ θ. These re-definitions allow a solution













































ẏ6 = y5 (2.17)
Equations (2.14) and (2.15) represent frictional ablation and are set to zero when the
average aerodynamic pressure across the bolide is less than the yield strength of the
bolide: pStokes/2 = FStokes/(2S) < bolide yield strength. This condition implies that
the structural integrity of a planetesimal is sufficient to halt its vaporisation through
frictional ablation.
2.4.3 Thermal Ablation
We have so far considered the physics of frictional ablation in our planetesimal-planet
model. We now look to an additional source of ablation due to thermal heating from
the envelopes. As an impactor decelerates in the planet, thermal ablation begins to
operate as a result of the increasing envelope temperatures and thermal conductivities.
The produced melting and vaporisation is due to heating of the bolide from the
temperature gradient between the planetesimal and the ambient envelopes.
The efficiency of heat transfer from the surrounding envelope to the bolide surface
is modeled by a relation analogous to Newton’s law of heating. We match the heat
gain at the surface of the bolide with the conductive heat flux into the bolide interior.
This relation is essentially a ‘Robin boundary condition’ which is a weighted sum of
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= ℵ(Tamb − T ), (2.18)
where κ is the thermal conductivity of the impactor and Tamb is the ambient temper-
ature of the surrounding envelope. The proportionality constant ℵ is a property of
both the surrounding fluid and the planetesimal and is ℵ = κambApl/Vpl = 3κamb/Rpl,
where κamb is the ambient thermal conductivity. Equation (2.18) implies that the
temperature at the outer edge (i.e., at a radial grid point nout) of the planetesimal is
Tnout ≈
(ℵ′Tamb + Tnout−1)
1 + ℵ′ , (2.19)
where ℵ′ ≡ ℵδr/κ and δr is the radial grid spacing at the outer edge of the bolide.
We use the thermal conductivities κamb by French et al. (2012) for a Jovian-
analogue hydrogen and helium mixture. The general thermal conductivity κamb is a
combination of electronic and ionic contributions, κe and κi, and each has its region
of dominance in Jovian envelopes. In regions where electrons are bound and thermal
energy is transported through inter-molecular collisions, κe is not significant. The
conductive transport of heat, and therefore κe, dominates quite deep in the Jovian
structure where metallic hydrogen becomes abundant.
Thermal ablation depends not only on the transport of heat to the surface of the
bolide but also on the conductive transfer of this heat throughout the whole bolide.
The description of heat transfer within an impactor is modeled using the spherically-














Here α = κ/(σρpl) is the thermal diffusivity and is a function of the planetesimal com-
position; κ is the thermal conductivity of the impactor; σ is the specific heat capacity
of the planetesimal; and ρpl is the bulk density of the bolide. To solve this equation,
we use a method similar to that discussed by Recktenwald (2011) which presents a
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finite-difference method for a numerical solution of equation (2.20). Adopting the for-
ward time, centered-space (FTCS) approximation to a finite-difference solution allows
us to write the heat diffusion equation as




2[T ni+1 − T ni ]
ri
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where subscripts and superscripts represent spatial steps and time steps, respectively.
A unique solution of equation (2.20) requires specification of three boundary con-
ditions. Our boundary conditions are ∂T/∂r(r = 0, t) = 0, T (r = Rpl, t = 0) = 170 K,
and T (r = Rpl, t) given by the Robin condition of equation (2.19). Where and when
the temperature of a region exceeds the melting temperature of the planetesimal ma-
terial, we enforce a reduction in the mass and radius such that the material ablates
accordingly.
2.5 Results
Our model allows an exploration of planetesimal ablation for various initial conditions.
We explore three main themes in our results. First, we discuss a representative case
which illustrates the bimodal nature of the ablation process. Second, we investigate
the effects of impact angle, impact velocity, and impact radius for four material
compositions to explore the rich diversity of scenarios, and establish iron as the most
conservative case among all our planetesimal compositions. We then narrow our
attention to a detailed study of iron planetesimals since these provide lower limits on
the wholesale ablation altitudes for all other considered planetesimal materials.
2.5.1 A Case Study of Bimodal Ablation
An example case which illustrates the bimodal ablation process is shown in Figure 2.3.
This case is of an iron planetesimal with an impact radius of Rpl = 30 m, initial
velocity of |~̇r| = 50 km s−1, and impact angle of φi = 45◦. All the results are run
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Figure 2.3: Illustration of bimodal ablation. Shown is the case of an iron bolide with
an initial radius of 30 metres, impact velocity of 50 km s−1, and entry angle of 45◦.
Top panel: the scaled rate of mass ablation (bottom axis, blue) and corresponding
fractional mass ablation (top axis, red) of the impactor as a function of altitude. The
two blue peaks show the frictional and thermal rates of mass ablation, respectively.
Horizontal gray dashed lines denote isobars. The thermal ablation rate has been
scaled by a factor 30 for clarity. Bottom, left panel: the dynamical trajectory of
the planetesimal in the r − θ coordinate plane. The angular values are inflated by
a factor of 50 for visibility since the true maximal angle is 0.34◦. Bottom, middle
panel: Actual velocity (gold curve) and terminal velocity (cyan curve) as a function
of altitude. Bottom, right panel: the boundary temperature of the planetesimal as a
function of altitude.
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consider them to be completely ablated, or until contact with the core at 41 Mbar.
The main panel in Figure 2.3 shows that frictional ablation initiates on impact
at 1 bar, reaches a peak in mass ablation of ∼108 kg s−1 at 10 bar, and persists until
100 bar. This ablation process is generally efficient, as seen from the red curve which
represents the fractional mass ablation along the path, (Mpli−Mplf )/Mpli , where Mpli
is the mass at impact and Mplf is the planetesimal mass at a final location. Nearly
80 percent of the bolide mass vaporises through frictional ablation by 100 bar. What
remains of the impactor then gradually heats up through equation (2.19). The tem-
perature of the planetary envelope exceeds iron’s melting temperature of 1,811 K at
3,176 bar (see Figure 2.1), but the planetesimal surface does not warm to this temper-
ature until the bolide has penetrated to beyond 1 Mbar. The rise in temperature is
slow because ℵ’ is exceptionally small due to small thermal conductivities κamb in the
upper outer envelope. Nevertheless, thermal ablation completes the planetesimal’s
wholesale ablation in the inner envelope.
The evolution of the planetesimal surface temperature is shown in the bottom
right panel of Figure 2.3. The temperature reaches close to the ∼1811 K melting
temperature of iron at altitudes below 0.80. The spread of temperature in this region
is an artifact of finite grid resolution, for as each surface layer of the bolide is evapo-
rated a finite time is taken for the slightly colder material in the adjacent inner cell
to be heated to the melting temperature.
The dynamical trajectory of the bolide in the r− θ plane is shown in the bottom
left panel. The planetesimal enters the outer envelope at an angle of 45◦ to the local
zenith. The circumferential aerodynamic force of equation (2.16) acts to maneuver
the planetesimal onto a purely radial trajectory. In this case, the planetesimal takes
on a radial path just after the frictional ablation phase at an altitude of 0.995 RJ.
The bottom middle panel shows the evolution of the actual velocity compared
with the terminal velocity as a function of altitude. The terminal velocity decreases
with decreasing altitude due to an increasing density of the envelope. The actual
velocity reaches a terminal velocity at an altitude of ∼0.994 RJ, which is also the
level at which the trajectory becomes purely radial (see bottom left panel again).
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Composition Density (kg m−3) Qabl(MJ kg−1) Yield Strength (MN m−2)
Iron 7800 8.26 100
Rock 3400 8.08 10
Carbonaceous 2200 5.00 1
Ice 1000 2.80 1
Table 2.1: Material properties of planetesimals. Listed are the densities, specific
heats of sublimation, and the yield strengths for iron, rock, carbonaceous, and ice
planetesimals used throughout this work. The two latter properties are fundamental
to determining the onset and efficiency of planetesimal ablation. The data are sourced
from Chyba et al. (1993), Podolak et al. (1988), and Petrovic et al. (2003).
The bolide then always remains on a radial path at a terminal velocity. Thermal
ablation then completely vaporises the bolide.
2.5.2 Exploration of Initial Conditions
Here we investigate the effects of various planetesimal characteristics including the
composition, initial radius, initial velocity, and impact angle. We study how these
planetesimal properties affect the mass ablation in the planetary envelopes. Given
the efficiency of frictional ablation seen in Section 2.5.1, the results of this section
only consider frictional ablation. The material properties used for the planetesimal
compositions are listed in Table 2.1.
2.5.2.1 Initial Velocity
The frictional mass ablation of a planetesimal increases with the cube of the velocity
(equation (2.9)) and is therefore crucial for the fate of a planetesimal. We consider
initial velocities of vinitial ∈ [10, 50] km s−1 in light of values from the Shoemaker-
Levy 9 impactor (Harrington et al., 2004) and the Tunguska impactor (Chyba et al.,
1993).3 We study how this range of velocities modifies the fractional mass ablation
3The Shoemaker-Levy 9 and Tunguska events occured in Jupiter and Earth, respectively. The
average velocity of the Shoemaker-Levy 9 fragments was about 44 km s−1 (Harrington et al., 2004)
and the median of near-Earth asteroids is 15 km s−1 (Chyba et al., 1993).
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of planetesimals, (Mpli − Mplf )/Mpli . The top left panel of Figure 2.4 shows the
fractional mass ablations to pressure levels of 100 and 1,000 bar for bolides of different
compositions and initial velocities, with impact radii of 1 km and angles of 45◦.
All compositions show larger fractional mass ablations for higher velocities. Water
ice impactors with large velocities (& 45 km s−1) completely evaporate by 103 bar in
the upper outer envelope due to two factors. First is the persistence of aerodynamic
drag due to ice’s low yield strength that activates equation (2.14) for a long time.
Secondly, the low Qabl of ice means frictional ablation is efficient when active. Car-
bonaceous, rock, and iron bolides ablate sequentially less than water ice planetesimals
due to more robust material bonding and higher values of Qabl.
It has been emphasised that carbonaceous impactors will evaporate when entering
the Earth’s atmosphere at more than 10 km s−1 (Chyba et al., 1990). In our case, 1
km carbonaceous impactors with initial velocities greater than 30 km s−1 lose more
than half their mass by 103 bar. Whereas ice planetesimals of the highest velocities
fully ablate by 103 bar, similar iron bolides lose only half of their initial mass by this
level.
2.5.2.2 Initial Radius
We also examine the impact of initial planetesimal size. The top right panel of Fig-
ure 2.4 shows the effect of initial planetesimal radius on the mass ablation fraction of
planetesimals at 102 bar and 103 bar. The ablated mass fraction is nearly constant
across the majority of radii at 103 bar and is small for large radii at 102 bar. The con-
stant mass ablation across radii for ice, carbonaceous, and most rocky planetesimals
is a result of planetesimals having terminal velocities and purely radial trajectories.
This is demonstrated as follows. Once a bolide has a purely radial trajectory (i.e.,
θ̇ = 0) at a velocity equal to the terminal velocity (i.e., r̈ = 0), equation (2.6) implies
that the velocity of a planetesimal is
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vinitial = {30, 35, 40, 45, 50}km s−1
Rpli = 1 km
Figure 2.4: Impact of initial planetesimal parameters on ablated mass. Top, left
panel: the mass ablation fraction to 100 bar and 1,000 bar as a function of impactor
velocity. Planetesimals have an initial radius of 1 km and impact at 45◦ to the local
zenith. The dashed curves represent fractional mass ablations at a pressure of 102
bar and solid curves represent the same but for 103 bar. Blue, green, red, and gold
curves represent ice, carbonaceous, rock, and iron planetesimals, respectively. Top,
right panel: the mass ablation fraction to 100 bar and 1,000 bar as a function of
impactor radius. Planetesimals have initial velocities of 30 km s−1 and impact at 45◦
to the local zenith. The colours represent the same as in the top left panel. Bottom,
left panel: the mass ablation fraction to 100 bar and 1,000 bar as a function of entry
angle. Planetesimals have initial velocities of 30 km s−1 and radii of 1 km. The colours
and line styles are the same as in the top panels. Bottom, right panel: the rate of
mass ablation for iron planetesimals with entry angles of 45◦, impact radii of 1 km,
and vinitial = {30, 35, 40, 45, 50} km s−1 (from left to right). Gray dashed lines indicate
pressures of 10, 102, and 103 bar.
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We now take equation (2.9) and link the time and spatial derivatives of the differential













This relation is independent of the planetesimal radius. It signifies that for a
planetesimal of a given composition whose speed is the terminal velocity and whose
path is purely radial, the mass ablation fraction at some altitude is a constant. This
is the origin of the horizontal curves in Figure 2.4. Bolide compositions with small
characteristic heats of ablation Qabl experience the greatest mass ablations, and thus
the horizontal features shift up and down according to the value of Qabl. The top right
panel shows that icy, carbonaceous, and most rocky bolides attain terminal velocity
and purely radial trajectories by 103 bar whereas iron bolides do not.
2.5.2.3 Impact Angle
The last parameter we investigate is the initial impact angle φi. Equation (2.24) is
generally valid for planetesimals with terminal velocities and radial trajectories, and
is thus also applicable to the bottom left panel of Figure 2.4. The mass ablation
fraction for refractory materials is more weakly dependent on the angle of impact
than for volatile materials. By 1,000 bar, one-kilometre bolides of ice sublimate 80
percent of their mass for all impact angles while carbon-rich bodies retain about 45
percent of their initial masses. Ice and carbonaceous bolides of the highest impact
angles reach terminal velocities by 500 bar. On the other hand, the refractory species
retain much of their mass and their larger inertia delays their attainment of terminal
velocity as shown by a general lack of horizontal features in their ablated masses.
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2.5.2.4 Mass Ablation Rate
The bottom right panel of Figure 2.4 shows the rates of mass ablation for iron bolides
with different initial velocities. Iron planetesimals with significantly different veloci-
ties reach their peak rates of frictional ablation at about the same altitude in the upper
envelope. This interesting finding holds generally for any planetesimal composition.
The results of Figure 2.4 highlight two important points. First, frictional ablation
is efficient in ablating planetesimals by 103 bar and the mass ablation fraction is large
especially for the fastest, smallest, and weakest of materials. Second, of the considered
set of bolide materials, iron planetesimals represent the most conservative case, in the
sense that iron bolides show the least fractional mass losses at any altitude compared
with planetesimals of other compositions.
2.5.3 Iron Planetesimals
Section 2.5.2 illustrates that iron planetesimals are the most resilient to vaporisation.
Here we narrow our exploration to the dynamics and ablation of iron impactors since
the complete evaporation of planetesimals composed of other materials will occur at
higher altitudes in the planet than those for iron.
We model the evolutions of iron impactors due to frictional and thermal ablation,
in which the depths to which planetesimals penetrate depends mainly on their size
and velocity. Figure 2.5 shows the mass ablation fractions of iron planetesimals at 103
bar, 107 bar, and 4.1687×107 bar along with a comparison to water ice planetesimals
at 103 bar. We discuss results for the case of φi = 60
◦ since the majority of impact
angles for iron display similar patterns with one another at different pressures.
Frictional ablation is active in the upper portions of the outer envelope for the
majority of initial radii and velocities. On the other hand, thermal ablation is im-
portant comparatively deep in the structured planet where the ambient temperatures
of the envelope are greater than the melting point of iron, and is active only for the
smallest of planetesimals. For our planetary structure using the hydrogen and helium






























































Figure 2.5: Mass ablation fractions of iron planetesimals at various pressures in the
planet. Also shown for comparison is the ablation of ice planetesimals at 103 bar.
Upper, left panel: Mass ablation fraction of iron planetesimals at 103 bar as a func-
tion of initial radius and initial velocity. Upper, right panel: the same for ice but
considering only frictional ablation. Lower, left panel: the same as the upper, left
panel but at a pressure of 10 Mbar. Lower, right panel: the same as the lower left
panel but at the core boundary at a pressure of 41.69 Mbar. The impact angle of all
planetesimals is 60◦.
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is at an altitude of 0.986 RJ corresponding to 3,176 bar; the low κamb of the outer
envelope, however, means the actual onset of thermal ablation only starts to occur at
the bottom of the outer envelope.
Therefore only frictional ablation contributes to mass loss in the upper left panel
of Figure 2.5. The mass ablation of iron bolides is highest for planetesimals with large
initial velocities and small radii. This behaviour follows from dividing the frictional
ablation equation by Mpl, Ṁpl/Mpl ∝ |~̇r|3/Rpl. Planetesimals of small radii have
higher fractional ablation rates than larger planetesimals for a given velocity, with
higher velocities showing greater mass ablation fractions for a fixed planetesimal size.
Iron bolides of the highest velocities and smallest initial radii lose 60 to 80 percent of
their mass by 103 bar. The 103 bar level is significant since it is here that θ becomes
a constant for the majority of planetesimals, leading to purely radial trajectories.
It is significant that over 50 percent of mass is ablated by 103 bar over much of
the dynamic range, since the mostly convective nature of the envelopes implies that
vaporised material may mix upwards to the ∼1 bar region on short timescales and
incorporate into the observed atmospheric chemistry of a planet.
The upper right panel of Figure 2.5 shows the analogue of the upper left panel but
for water ice planetesimals. More than 80 percent of mass is lost for impact velocities
of 30 km s−1 or greater. Two physical parameters explain this fragility of icy objects:
Qabl and the yield strength. A low Qabl allows for high mass ablation rates for a given
radius and velocity, while a low yield strength allows frictional ablation to persist
longer than for iron bolides with a similar initial radius, velocity, and impact angle.
The lower left panel of Figure 2.5 shows the mass ablation fraction at 10 Mbar
in the upper inner envelope, and is well beyond the level where thermal ablation
can in principal affect planetesimals. Significant ablation has occurred for planetesi-
mals with radii of &300 metres compared with the upper left panel representing 103
bar. Smaller bolides remain comparatively unaffected between these pressure lev-
els. The efficient ablation for the larger planetesimals can be understood in terms
of equation (2.22) which is proportional to Rpl and the gravity g. As the gravita-
tional acceleration increases deeper into the planet, the terminal velocity increases as
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well. As planetesimals move deeper into the planet, the frictional ablation condition,
Fdrag/(2S) > yield strength, turns on again due to an increasing terminal velocity,
and does so first for the largest of planetesimals. We find that low velocity bolides
of ∼300 metres and greater show this character whereby approximately 80 percent
or more of the mass is lost due to the resurgence of frictional ablation. Smaller
bolides of characteristically lower inertias attain terminal velocities more readily and
this reduces the possibility of frictional ablation. Thermal ablation completes the
destruction of the smallest planetesimals with radii of ∼30 metres.
The state of planetesimals at the core boundary is shown in lower right panel of
Figure 2.5. The parameter space for which most of the bolide mass is retained for
the 10 Mbar case is here more distinguished and is confined to a narrower range of
initial radii (i.e., ∼90 − 250 m) and relatively low initial velocities. Smaller bolides
of ∼30 metres which had not undergone frictional ablation by 10 Mbar are thermally
ablated between 10 Mbar and the core. Bolides with radii larger than 250 metres can
eventually undergo frictional ablation because their terminal velocity increases due
to the increasing gravitational field strength at small planetary radii. Only bolides
in a very limited size range of ∼90− 250 metres are large enough such that they do
not reach the sublimation temperature for thermal ablation, and yet small enough for
their low terminal velocities to be rendered immune to frictional ablation. However,
given the uncertainties and limitations that enter our modeling (e.g., of excluding
additional ablation processes), this cavity feature may in reality either be somewhat
smaller or non-existent.
2.5.3.1 Grazing Planetesimals at Super-Escape Velocities
If impacting planetesimals have velocities beyond the escape velocity of Jupiter of
60 km s−1, some planetesimals with large impact angles can deposit material in the
outer envelope and still escape. Figure 2.6 shows the case of planetesimals which
impact at nearly right angles to the local zenith. The illustration is shown for an
elapsed time of 126 physical seconds, which is ten times the period required for a
30 metre bolide travelling at 100 km s−1 to completely ablate. Planetesimals with
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sizes between 30 and 200 metres and speeds of 80 to 100 km s−1 undergo complete
ablation, while larger bolides with these high kinetic energies manage to escape the
Jovian radius (e.g., a 1 km planetesimal retains ∼60 percent of its initial mass in the
process). At future times, the region of the plot involving velocities greater than the
escape velocity does not evolve while the low velocity regime is subject to progressive
ablation as in Figure 2.5. Therefore, planetesimals with speeds exceeding the escape
velocity deposit chemicals that should also be detectable in the observable atmosphere
of a giant planet.
2.6 Limitations and Future Steps
Our model is a simple description of planetesimal ablation and dynamics with im-
plications for the enrichment of gas giant atmospheres. There is ample potential for
model improvement and here we discuss a few possible refinements.
A more accurate planetesimal ablation model would include thermal conductivities
κ of a bolide as a function of temperature and pressure. This would require knowledge
of the complete phase diagram of conductivities from condensed-matter experiments
at high pressures. This is presently a challenge. In addition, our thermal ablation
model for a planetesimal assumes a constant melting temperature, thereby providing
a host of qualitative features. Ideally a set of complete phase diagrams would be used
for different impactor compositions to detail the melting temperature as a function of
pressure. A more realistic planetary model would also include metallic species such
as carbon, nitrogen, and oxygen in the envelopes. This would increase the ambient
mass density and thus increase the efficiency of planetesimal ablation.
Another way of increasing the sophistication of the planetesimal model would
be to incorporate the lateral spread of planetesimals. Aerodynamic drag can cause
a planetesimal to become flattened and ellipsoidal from an initially spherical shape.
The impactor becomes laterally distorted once aerodynamic forces overcome the yield
strength of the impactor, and the bolide is deformed due to the differential pressures
between the impactor’s anterior and posterior. Lateral spread is suggested to be
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Figure 2.6: Mass ablation fraction for grazing planetesimals with initial speeds ex-
ceeding the Jovian escape velocity. The illustration is for a physical time of 126
seconds after planetesimal impact. Stars and yellow crosses respectively represent
planetesimals which escape and which completely ablate. Planetesimals with speeds
exceeding the Jovian escape velocity provide chemical depositions that should also
be observable at ∼1 bar.
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important for objects .1−2 km (Korycansky et al., 2000) and would increase the
efficiency of frictional ablation due to a larger projected cross-section as seen by the
drag force.
The effects of fragmentation and thermal radiation could also increase model so-
phistication. Fragmentation involves mechanical separation of the planetesimal into
a number of smaller bolides and thermal radiation would consider the absorbed heat
from thermal radiation of the envelopes. Both of these of considerations would place
the complete ablation of planetesimals at higher levels in the envelopes, perhaps being
of such efficiency as to keep all evaporation within the outer envelope of the planet.
Accurate modelling of the first of these phenomena is complicated. For example,
it is unclear whether it is more realistic to model fractionation of planetesimals by
considering their raw material strength (Artemieva and Shuvalov, 2001) or by growth
rates of hydro-dynamical instability modes (Korycansky and Zahnle, 2005).
One might also wonder about modelling the effects which the ablated material
could have on the planetary structure for subsequently impacting planetesimals. The
evaporated heavy metallic elements are more conductive than H and He and would
decrease the bulk specific heat capacity in a unit volume originally containing H
and He, thereby increasing the change in temperature with height. An increased
temperature gradient and added material could produce greater thermal ablation and
higher frictional ablation due to greater envelope densities. This therefore reiterates
the point that our model is capable of placing lower limits on the efficiency of wholesale
ablation of planetesimals compared to models with more detailed physics.
Our results are compared with the work of Pond et al. (2012) which used 3D
hydrodynamical simulations to investigate the Shoemaker-Levy 9 (SL9) and 2009 Jo-
vian impacts. The comparison is shown in Figure 2.7. We use the same parameters
as Pond et al. (2012) for the incident angles, material densities, and radii of planetesi-
mals. Four cases are considered: a porous 2009 impactor incident at 69◦, a porous SL9
impactor at 43◦, a non-porous 2009 impactor at 69◦, and a non-porous SL9 impactor
at 43◦. In our model a porous 2009 impactor incident at 69◦ to the zenith ablates
67 percent of its mass at an altitude where Pond et al. (2012) finds it is completely
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ablated. Similarly, we find the porous SL9 43◦ bolide ablates 88 percent of its mass,
the non-porous 2009 69◦ bolide ablates 69 percent of its mass, and the non-porous
SL9 43◦ planetesimal ablates 85 percent of its mass at altitudes where they are en-
tirely ablated in Pond et al. (2012). Unsurprisingly, this comparison demonstrates
that the ablation in Pond et al. (2012) is more efficient since they consider additional
ablation processes such as lateral spread and fragmentation, both of which serve to
place complete ablation of a planetesimal higher in the outer envelope.
Furthermore, we find several qualitative similarities with the work of Mordasini
et al. (2015). However, exact comparisons cannot be made due to different planetary
structures, considered physics, planetesimal compositions, and planetary evolution-
ary stages. Mordasini et al. (2015) find that planetesimals are completely ablated
in planetary envelopes for envelope masses greater than 30 M⊕. This is consistent
with our finding for our Jupiter-like envelopes of total mass ∼300 M⊕ for a range
of planetesimal sizes and impact velocities. Mordasini et al. (2015) also demonstrate
that planetesimals of a limited size range are able to reach the core. We find a similar
scenario in which a population of planetesimals are too small to be subject to effi-
cient frictional ablation and too large for efficient thermal ablation, leading to little
mass ablation and contact with the core (see the bottom panels of Figure 2.5). More
recently, Valletta and Helled (2018) carried out an investigation of planetesimal abla-
tion during the early protoplanetary stages. They found that in all cases after 1 Myr
the accreted solids ablate before reaching the core, while for times before 1 Myr all
the accreted solids end up in the core.
2.7 Summary
We have developed a model for the frictional and thermal ablations of planetesimals
that impact into Jovian-like envelopes. Frictional ablation is generally efficient in the
upper outer envelope. The initial velocity, initial radius, impact angle, and compo-
sition of a planetesimal are the factors which control the magnitude and location of
this mass ablation. We explore initial velocities of 10− 50 km s−1 and initial radii of
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Figure 2.7: Comparison of deposited energy from planetesimals with the results of
Pond et al. (2012). Solid and dashed curves show the results of our model and those
of Pond et al. (2012), respectively. The altitude is relative to the 1 bar level and
represents the z-projected height of the planetesimal (cf. equation (6) of Korycansky
et al. (2006)). Four cases are shown: a porous 2009 impactor with an impact angle of
69◦ (orange); a porous SL9 impactor with an impact angle of 43◦ (red); a non-porous
2009 impactor with an impact angle of 69◦ (blue); and a non-porous SL9 impactor
with an impact angle of 43◦ (green).The porous density is 0.6 g/cm3, the non-porous
density is 0.917 g/cm3, and the radii of planetesimals is 500 metres.
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30−1000 metres for iron, icy, carbonaceous, and rocky planetesimals. A small radius,
large impact angle, and a large impact velocity lead to high mass ablation fractions.
Thermal ablation operates deep in the planet where the ambient temperature exceeds
the melting temperature of the planetesimal and when the thermal conductivity of
the envelopes is sufficiently large. The effects of thermal ablation become relevant
in regions where the velocity asymptotes to terminal velocity in the high-pressure
regimes beyond about 3100 bar, and in cases of small planetesimals, finishes what
frictional ablation began.
Frictional ablation fully ablates ice bolides by 1000 bar and evaporates 50 percent
of the mass of iron bolides for planetesimals of the highest velocities and largest
radii. By 1000 bar, iron planetesimals of the highest velocities but smallest radii
ablate 60 to 80 percent of their mass due to frictional ablation. For ice bolides we
find that frictional ablation causes planetesimals of all impact angles and radii with
initial velocities greater than 30 km s−1 to lose more than 80 percent of their mass.
Contact with the core boundary at a pressure of 41 Mbar is viable for some iron
planetesimals with radii of ∼90 − 250 metres. These bolides are too small to attain
velocities required for frictional ablation and yet too large to be heated to the melting
temperatures through thermal ablation.
A significant motivation of this work has been to investigate whether the observ-
able chemistry in exoplanetary atmospheres is expected to reflect the accreted solids.
The timescale for convective mixing in the envelopes of Jupiter is about 3 years while
evolutionary times are greater than 109 years (Salpeter, 1973). The dissolution of
planetesimal material in the envelopes through our modeled methods are therefore
expected to be readily mixed on timescales of a few years. Our work has implications
for giant exoplanets by using the inferred chemistry from observations to help discus-
sions of formation and evolution of giant planets. In particular, our work suggests
that observations of sub-stellar metallicities in an exoplanetary atmosphere are in-
compatible with substantial planetesimal accretion as accreted planetesimals ablate






In addition to the gas constituents of an atmosphere as considered in Chapter 2, the
atmospheres of exoplanets also host liquids and solids in the form of clouds and hazes
(e.g., Pont et al., 2013; Ehrenreich et al., 2014; Knutson et al., 2014b,c; Kreidberg
et al., 2014a). Clouds and hazes represent one of the greatest challenges in interpreting
the atmospheric spectra of exoplanets. This is primarily due to the difficulty of
modeling their physics and feedback effects in a self-consistent way (Marley et al.,
2013).
The terms ‘clouds’ and ‘hazes’, collectively referred to as ‘aerosols’, are used in
different contexts in the literature. From a formation standpoint, ‘haze’ implies par-
ticles formed through photochemical processes whereas a ‘cloud’ constitutes particles
formed through the condensation of vapour onto a nucleus under suitable thermo-
dynamic conditions (Marley et al., 2013). On the other hand, these terms are also
used in reference to the spectral features they can cause, particularly in parametric
models used in retrieval methods (e.g., Benneke and Seager, 2012; Kreidberg et al.,
2014a; Sing et al., 2016; MacDonald and Madhusudhan, 2017a). In retrieval meth-
ods, a ‘cloud’ is generally used to mean a source of gray opacity and high optical
depth effective below some height in the atmosphere, while a ‘haze’ is represented by
a non-gray opacity in the optical (e.g., see MacDonald and Madhusudhan, 2017a). In
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the present work we use the terminology of a ‘cloud’ according to the first of these
standpoints, as we do not explicitly consider photochemical processes induced by the
stars, and focus on cloud condensates composed of single chemical species.
Our goal in the present chapter is to conduct a detailed investigation of observable
cloud features of importance for the interpretation of high-precision transmission spec-
tra. We explore three key observable metrics to study the properties of clouds from
transmission spectra: the slope of a spectrum in the optical wavelength range, the
uniformity of this slope, and cloud features in the infrared. While gaseous Rayleigh
scattering from H2 particles leads to a slope of ∼−4 in the optical wavelength range
due to the dominant λ−4 term in equation (3.4), we show that cloud condensates
can lead to slopes over a broad range from −13 to flat spectra. We also illumi-
nate degeneracies in the values of optical slopes that arise from a combination of
the cloud species, the modal sizes of the cloud particles, and the cloud scale heights.
Secondly, we explore the extent to which these optical slopes are uniform which can
provide further constraints on the inferred cloud properties. These two observable
metrics promise to be powerful means of understanding clouds in the optical with
high-precision observations. Finally, we also study cloud signatures in the infrared
and show that there are four cloud types with strong observable features. This third
observable metric will be a promising way to study clouds in the near future due to
the coming launch of the James Webb Space Telescope (JWST), whose spectral range
spans 0.6 to 28 µm. The present and forthcoming observations in the optical and
infrared domains from the Hubble Space Telescope (HST), Spitzer, the Very Large
Telescope (VLT), the JWST, and forthcoming Extremely Large Telescopes (ELTs)
motivate our present study.
Our work is presented as follows. Our model for the transmission spectra of
exoplanetary atmospheres that incorporates clouds is presented in Section 3.1. In
Section 3.2 we use Mie theory and the transmission spectrum model to explore the
three key observable metrics discussed above. Section 3.3 presents an application
of our method to current observations, with a focus on two hot giant exoplanets
with the highest quality observations: HD 189733b and HD 209458b. Section 3.4
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outlines several limitations of our approach and compares our model with another
cloud treatment. We summarise our work in Section 3.5. The published form of this
work is presented in Pinhas and Madhusudhan (2017).
3.1 Transmission Spectrum Model
The study of cloud features in the spectra of transiting planets first requires a model
for the spectrum of an exoplanetary atmosphere. As a planet transits in front of its
star, the stellar brightness decreases by a certain fraction. This fraction varies with
wavelength due to the presence of gases and clouds in the planetary atmosphere that
absorb and scatter radiation at unique frequencies. The ‘transmission spectrum’ (or
‘transit depth’) of an exoplanet is obtained by considering how much of the stellar













Here τ(λ, r) is the total optical depth along the line of sight of the observer at a
radius r from the planetary centre, and is therefore called the ‘slant optical depth’.
The numerator of equation (3.1) is the sum of each planetary annulus 2πrdr weighted
by the extinction, 1−e−τ(λ,r), due to absorbing and scattering particles in the annulus.
In principle, this equation may be solved numerically. In the present study, however,
we assume a simplified form of equation (3.1). We here describe our simplified model
and its assumptions.
The transparency of an atmosphere increases with height due to lower gas pres-
sures and densities. Therefore at a certain small slant optical depth, the size of the
atmosphere due to extinction will be a good approximation to the full size of the at-
mosphere at a slant optical depth of zero. Lecavelier Des Etangs et al. (2008) explored
a range of planetary radii and atmospheric scale heights and determined an effective
slant optical depth that approximates the translucent atmosphere of a planet. They
found that the transit depth at a slant optical depth of 0.56 is a good approximation
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to the total transit depth contributed by the full atmosphere. This effectively means
that the atmosphere is modelled as a sharp, occulting disk with the top of the atmo-
sphere defined by a slant optical depth of 0.56 at any wavelength. The transmission












The slant optical depth at the top of the occulting disk is τeff = 0.56 and defines the
effective altitude zeff at a given wavelength. The approximate model of equation (3.2)
differs from the formulation in equation (3.1) by less than 1 percent. In our model,
the reference pressure pref associated with Rp is a free parameter and depending on
its value, zeff(λ) can lie either below or above Rp depending on where the surface of
τeff = 0.56 occurs.
3.1.1 Slant Optical Depth
The information about absorption and scattering of radiation by gases, liquids, and
solids is all contained in the slant optical depth τ . By considering the transit geom-
etry and the line-of-sight to an observer (Fortney, 2005), it is possible to obtain an
analytical expression of the slant optical depth for a cloudy H2-rich atmosphere as
































Here, σ′cloud(a, λ) is the total effective cross-section of the cloud species; ntot,b is the
total atmospheric number density at the bottom of the atmosphere; Xi is the mixing
ratio of opacity species i; and Hc is the cloud scale height where we have assumed
nc(r) = nc,be
−y/Hc . Our model considers three sources of opacity: absorption and
scattering by cloud particles, H2 Rayleigh scattering, and absorption by atomic and
molecular gas species. In the present work, we consider the latter gas component to
include five contributions: sodium, potassium, water, and collision-induced absorp-






The effective altitude is determined by subtracting the height y where τeff = 0.56
from the distance between the bottom of the atmosphere at pbottom and the reference
radius Rp at pref .
In order to determine zeff at a given wavelength, we calculate τ iteratively starting
from the bottom of the atmosphere and work upwards differentially assuming spher-
ical symmetry until τ = 0.56 ≡ τeff . We assign yeff to the height where the calculated
slant optical depth is 0.56 and compute zeff through equation (3.5). In all cases we
assume an isothermal atmosphere determined by the equilibrium temperature Teq of
the planet (see equation (3.20)). The molecular cross-sections for H2O are computed
from HITEMP2010 line data (Rothman et al., 2010) and the CIA line data are sourced
from the HITRAN archive (Richard et al., 2012). These line data are applied with a
Voigt function to incorporate both temperature (Doppler) and pressure broadening.
The cross-section of each opacity species is calculated separately and is tabulated by
binning to a resolution of 0.01 cm−1 on a pre-defined temperature and pressure grid
spanning 10−5 to 102 bar and 300 – 3500 K. The established grid is interpolated to
extract the cross-section for a general temperature, pressure and wavelength for each
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species. The Na, K, and H2O cross-sections have units of [m
2], while those for H2-H2
and H2-He CIA have units of [m
5]. A complete description of the molecular cross-
section calculations is presented in Gandhi and Madhusudhan (2017). We discuss the
calculation of the effective cloud cross-section σ′cloud(a, λ) (with units of [m
2]) in the
next section.
3.1.2 Extinction from Cloud Particles
A physical theory for the absorption and scattering of light by micro-particles is
needed to explore the effects of clouds on transmission spectra. Mie theory is such
a theory. It is a solution of Maxwell’s equations that considers interactions of elec-
tromagnetic radiation with spherical particles. When a solid or liquid particle is
illuminated by an electromagnetic wave, electric charges in the particle transform
into dipolar antennas that re-radiate waves producing ‘scattered’ radiation. The ex-
cited electric charges can also transform a portion of the incident energy into thermal
energy in a process of absorption. The efficiencies with which a particle scatters and
absorbs radiation as a function of wavelength are denoted through components of a
complex index of refraction, m(λ) = n(λ) + iκ(λ). The real index of refraction n(λ)
informs about scattering while the imaginary index κ(λ) represents absorption.
We have created our own Mie theory code in Python and have benchmarked it
against the classical codes of Deirmendjian (1969) and Bohren and Huffman (1983).
For a spherical particle of radius a embedded in radiation of wavelength λ, we can








The numerator of equation (3.7) is the incident wavelength in a vacuum and namb
is the real refractive index of the ambient medium surrounding the particle. The
complex index of refraction of a particle with a given composition, m(λ), can be used
to generate the scattering and total extinction cross-sections as a function of particle
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size and wavelength according to (Deirmendjian, 1969)






(2n+ 1){|an(m,x)|2 + |bn(m,x)|2}, (3.8)






(2n+ 1) Re{an(m,x) + bn(m,x)}, (3.9)
where an and bn are coefficients expressed in terms of Bessel functions of the first kind
with fractional orders ζ = n±1/2. We emphasise that the above description of cloud
particle extinction used in our model is only valid for spherical particles composed of a
single material. There are several ways to express the coefficients an and bn, the most
popular being in Bohren and Huffman (1983, page 127) and Deirmendjian (1969, page
17). Appendix A details the calculation of these coefficients. The number of terms
n needed for convergence of the scattering and extinction cross-sections in equations
(3.8) and (3.9) is a monotonic function of the size parameter x. The maximum number
of terms needed for convergence is nmax = max{x+ 4x1/3 + 2, |mx|}+ 15 (Bohren and
Huffman, 1983). Finally, the absorption cross-section is simply σabs = σext − σscat.
3.1.2.1 Cloud Particle Cross-Sections
The Mie theory formalism allows us to generate cloud particle cross-sections for use in
our model transmission spectra. An important general feature of scattered radiation
from a cloud particle is that the intensity of scattered light varies as a function of
scattering angle. This angular asymmetry in the scattered light profile is represented
by a so-called ‘phase function’. The phase function generally peaks in the direction
of incident radiation (i.e., in the forward direction) except for small particles of sizes
.10−1 µm, for which the phase function is relatively isotropic.
The extinction measured by an observer is the theoretical extinction reduced by
the scattered light collected at the detector. The measured or effective extinction
is therefore the theoretical extinction cross-section modulated by the ‘asymmetry
parameter’, g, which is proportional to the phase function and characterises the degree
by which the scattered light profile is skewed from an isotropic profile (Bohren and
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Huffman, 1983). The effective cross-section can be written as (Van de Hulst, 2003;
Graaff et al., 1992)
σ′cloud = σext − σscatg, (3.10)
where σscat and σext are from equations (3.8) and (3.9). The case of g = 1 represents
radiation scattered purely in the forward direction and therefore the effective cross-
section is due to absorption alone: σ′cloud = σabs. An asymmetry factor of 0 represents
isotropic scattering and σ′cloud = σext = σabs + σscat. Scattered light characterised by
g = −1 does not reach the observer and in this case the effective cross-section is an
enhanced theoretical cross-section, σ′cloud = σabs + 2σscat.
Figure 3.1 shows the effective cross-sections of various cloud particle species calcu-
lated using our Mie theory code. We consider cloud types that are expected to form in
hot Jupiter atmospheres and which have experimental refractive index data spanning
the optical and infrared: Na2S, MnS, ZnS, MgSiO3, SiO2, Al2O3, FeO, Fe2O3, TiO2,
NaCl, KCl, and Mg2SiO4. Our model therefore considers twelve condensate species
which are composed of twelve distinct elements. The refractive index data are ob-
tained from various sources listed in Table 1 of Wakeford and Sing (2015). The cloud
particle cross-sections and asymmetry parameters calculated with our code are made
available online for the benefit of the astrophysical community.1 The effective cross-
sections for each cloud type in Figure 3.1 are shown for size distributions defined by
three modal sizes: 10−2, 10−1, and 1 µm. The σext, σscat, and g are computed through
equations (3.12) and (3.14), respectively (see Section 3.1.2.3). Groups of species have
common absorption features in the infrared due to similar chemical properties.
3.1.2.2 Cloud Particle Abundance
The volumetric mixing ratio of cloud particles in equation (3.3) is Xcloud. We assume
that cloud grains are composed of one type of condensate in a process known as
homogeneous nucleation (see section 4.1 of Marley et al., 2013). The abundance of
cloud particles in equation (3.3) is






















































































































































Figure 3.1: Effective cross-sections σ′cloud for twelve cloud species. The cross-sections
are calculated using our Mie theory code and consider a distribution of particle sizes






Molar Mass (g/mol) Density (g cm−3)
Na2S 1176 78.04 1.43
MnS 1139 87 4
ZnS 700 97.45 4.05
MgSiO3 1316 100.33 3.2
SiO2 1725 60.08 2.62
Al2O3 1677 101.96 4.05
FeO 1650 71.79 5.7
Fe2O3 1566 159.68 5.3
TiO2 1125 79.86 4.25
NaCl 825 58.44 2.17
KCl 740 74.55 2.17
Mg2SiO4 1354 140.63 3.27
Table 3.1: Chemical properties of the twelve cloud species. The condensation tem-





A derivation of this equation can be found in Appendix B. Here, µcloud is the molecular
mass of the cloud species; Xlim is the volumetric mixing ratio of the least abundant
atomic element that composes the cloud species; Ñlim is the number of the limiting
atomic element in the chemical formula of a condensate species (e.g., Ñlim = 2 for
Al2O3); and ρcloud is the density of the cloud species.
2 The volumetric mixing ratio
of the least abundant atomic element in a cloud particle, Xlim, limits the amount
of condensates that can form and we generally assume solar values for these species
from Asplund et al. (2009) unless specified otherwise. Chemical characteristics of the
twelve cloud species are summarised in Table 3.1.
2The densities of cloud species are adopted from http://webmineral.com/Alphabetical_
Listing.shtml\#\#.V5nTr451o9g
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3.1.2.3 Size Distribution of Cloud Particles
The clouds in an atmosphere generally contain particles which span a broad range
of sizes. Here we discuss how to incorporate a distribution of particle sizes into our
cloud model for transmission spectra.
The incorporation of a size distribution for cloud particles requires weighting the
cross-sections, the grain mixing ratio, and the asymmetry parameter for a given par-
























where n(a) is the number of cloud particles in a unit volume with radii between a
and a + da and g(a, λ) is the asymmetry parameter for a given particle size and












where p(θ, a) is the phase function of scattered light for a scattering angle of θ.
The spectra of planetary atmospheres in the solar system have been fit with various
particle size distributions such as log-normal distributions, gamma distributions, and
power laws. We adopt the gamma distribution for cloud particle sizes (Deirmendjian,
1964),
n(a) = ωaβe−ba, (3.16)
Here ω, β, and b are positive real numbers. In particular, we use the specific form
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where a0 is the modal particle size of the distribution and the range of a extends from
∼10−3 to ∼103 µm (e.g., Lee et al., 2016; Lines et al., 2018). Deirmendjian (1964)
justifies this choice of distribution by showing that it fits well with measurements
of Earth’s water clouds for an a0 of 4 µm. This adopted distribution is a plausible
assumption due to the impossibility of in-situ measurements of cloud particle sizes in
the atmospheres of exoplanets. Nevertheless, deviations from the assumed distribu-
tion are expected in light of the variety of exoplanetary atmospheres as illustrated in
Chapter 1.
3.1.3 Free Parameters
Our model of clouds for transiting planets contains five free parameters. Here we
summarise their range of values as well as their effects on transmission spectra:
1. Cloud scale height (Hc): Earth and most other solar system planets have
cloud scale heights of Hc . H/3 (Fortney, 2005; Ackerman and Marley, 2001;
Carlson et al., 1994; Brooke et al., 1998; Sánchez-Lavega et al., 2004). However,
the gas dynamics and high temperatures in hot Jupiter atmospheres could allow
for significantly larger cloud scale heights, especially for small cloud particles
which mix more easily (Parmentier et al., 2013). The cloud scale height in our
model may therefore range from zero to the bulk atmospheric scale height, H.
The value of Hc has important effects on transit spectra. Smaller values of Hc
decrease the optical slope of a spectrum as well as provide lower amounts of
extinction to a spectrum.
2. Modal particle size (a0): Sophisticated cloud formation models find that
the cloud particle sizes in exoplanetary atmospheres span a continuum from
∼10−3 to ∼103 µm (e.g., Helling et al., 2016; Lee et al., 2016; Lines et al.,
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2018). We therefore consider model particle sizes spanning 10−2 to 102 µm and
assume cloud particles follow a particular gamma distribution characterised by
the modal particle size. Increasing the modal size translates into decreased
optical slopes, with a spectrum becoming entirely flat for a0 &1 µm.
3. Reference pressure (pref): The pressure associated with the radius of the
planet Rp may range from ∼1 bar to ∼1 mbar (Heng and Kitzmann, 2017).
Increasing pref shifts Rp lower in the planet and increases the absolute offset
level of a transmission spectrum.
4. Grain abundance (Xcloud): The non-equilibrium nature of clouds makes it chal-
lenging to determine the abundance of cloud grains. Equation (3.11) assumes
that the abundance of cloud grains is limited by the least abundant element in
a cloud species. The grain abundance can range from about 10−25 to 10−7 (e.g.,
see Figure 7 of Lee et al., 2016).
5. Molecular abundance (Xi): The molecular abundances of different volatile
species have been suggested to range from sub-solar to super-solar values (Mad-
husudhan et al., 2014b; Kreidberg et al., 2014c; Sing et al., 2016; Barstow et al.,
2017). We thus also investigate the effects of different molecular abundances on
the observability of cloud features.
3.2 Results
Here we present results which explore the signatures of clouds in exoplanetary trans-
mission spectra. We first discuss a metric that characterises the slope of the trans-
mission spectrum in the optical wavelength range. This metric can be useful for
constraining the cloud species, cloud scale heights, and modal particle sizes of clouds
using high-precision observations. Moreover, we discuss the use of temperature infor-
mation as a way to reduce degeneracies in inferred cloud properties. We then present
a second metric, the uniformity of slopes in the optical, as an additional way to break
degeneracies using high-precision observations. Finally, we investigate which cloud
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species have pronounced features in the infrared which may be observable with fu-
ture spectra from the JWST. We then apply our framework to an ensemble of hot
Jupiter spectra to evaluate the potential cloud properties in their atmospheres, with
a particular focus on HD 189733b and HD 209458b which have the highest quality
observations.
3.2.1 First Metric: Optical Slopes
Transmission spectra of exoplanets in the visible wavelength range have various slopes
that hint towards the existence of different cloud properties. Here we construct a
metric to extract cloud information from an observed spectrum in the optical window
of 0.3−0.56 µm. This wavelength range serves as a prudent metric for the optical slope
since it avoids potential contributions from sodium and potassium gas absorption
features at 0.59 and 0.77 µm.
Atmospheric observations of hot giant exoplanets in transit obtain the radius of
the planet as a function of wavelength Rp(λ). Using the effective height zeff in equation









Here there is a degeneracy in the slope for values of γ and Hc, where γ is the exponent
on the wavelength-dependent portion of the cloud cross-section. Because the cloud
scale height Hc is generally unknown a priori, it is prudent to modify the slope mobs
in terms of the more certain bulk atmospheric scale height H. The slope of Rp(λ)
















, for 2H/5 . Hc ≤ H. (3.19)
The dimensionless slope S combines a directly observable quantity (mobs) and an
estimated quantity (H). In the limit of small Hc (Hc . 2H/5) the slope S tends to
82
the H2 Rayleigh scattering value of −4.2 and therefore equation (3.19) is valid for
Hc & 2H/5. The bulk scale height H is typically the scale height at the equilibrium
temperature, i.e. H = Heq = kBTeq/(µg), where the equilibrium temperature is







Here amajor is the semi-major axis of the planet, A is the Bond albedo (i.e., the fraction
of total incident light that is reflected by a planet), and f is the heat redistribution
fraction.
The calculated slopes S in the 0.3−0.56 µm range for the twelve cloud species
in Table 3.1 are shown in Figure 3.2. The slopes of the transmission spectra are
computed for atmospheres composed of one type of cloud for a range of scale heights
and modal particle sizes. The distinction between a regime where clouds dominate
the calculated slopes (i.e., Hc > 2H/5) to one where H2 scattering dominates (i.e.,
Hc . 2H/5 is made clear. The slopes S for large scale heights reflect the unique
opacities of the cloud species through their refractive indices. Once cloud scale heights
of Hc . 2H/5 are reached, the drastic fall of the number of cloud particles with height
allows the scattering by H2 to begin to dominate the spectrum in the optical. The
cloud contribution diminishes for lower Hc and the slope S takes on a value of −4.2
typical of equation (3.4) in the 0.3−0.56 µm range at Hc = H/5. Figure 3.2 is useful
in showing the degeneracies among the cloud compositions, modal particle sizes, and
scale heights that are commensurate with an observed slope S.
There are several essential points to be extracted from the detail of Figure 3.2:
1. Sulphide clouds are the only considered cloud species for which S < −5 across
all modal particle sizes and scale heights. Therefore, spectral observations which
show steep slopes of S < −5 might potentially imply the presence of Na2S, MnS,
and/or ZnS clouds in the atmosphere.
























































Figure 3.2: Slopes S of transmission spectra in the 0.3−0.56 µm range for twelve cloud
species. The slopes are represented by the colours and depend on the cloud species,
the modal particle size, and the cloud scale height. The panels represent atmospheres
with cloud scale heights of Hc = H, Hc = 4H/5, Hc = 3H/5, Hc = 2H/5, and
Hc = H/5.
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3. Degenerate values of S are produced for various cloud types, scale heights,
and modal particle sizes. Large particles (i.e., less negative γ) with large scale
heights are degenerate with small cloud particles (i.e., more negative γ) with
small scale heights.
4. An S of ∼−4 does not of itself imply H2 Rayleigh scattering. For example, such
slopes are produced by various cloud species with large scale heights (see top
panel of Figure 3.2).
The appeal of Figure 3.2 lies in its ability to illuminate potential cloud properties
directly from observations. Observers can take their spectrum of the planet’s radius
versus wavelength, take the slope of that spectrum in the optical from 0.3 to 0.56 µm,
divide by an estimate forH, and immediately be able to glean some fundamental cloud
properties that may be producing the spectrum.
3.2.1.1 Temperature as a Guide
The temperature structure of an atmosphere can be used as a guide to predict which
cloud species are able to condense and thereby reduce potential degeneracies among
cloud properties as displayed in Figure 3.2. Condensable gas becomes thermally
stable when the temperature of the atmosphere becomes colder than the saturation
vapour temperature of a species at a given pressure (Sánchez-Lavega et al., 2004;
Helling, 2018). The temperature structure may be obtained in the first place through
a retrieval method (Madhusudhan and Seager, 2009). In what follows the slopes of
transmission spectra in Figure 3.2 are used to reveal a limited, potential set of cloud
properties assuming knowledge of the atmospheric temperature at ∼1 mbar.
Before proceeding it is crucial to note that the discussion is considerably restricted
since it does not consider the full range of condensate species that are thermally stable
for a given temperature at 1 mbar. For example, in the case that a temperature profile
is found to be about 700 K at 1 mbar, we only discuss species in Table 3.1 that have
comparable condensation temperatures (i.e., ZnS and KCl) despite the fact that the
remaining ten species in Table 3.1 will also be thermally stable for a T ≈ 700 K at
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1 mbar. Likewise, in the case of T ≈ 1500 K at 1 mbar, Al2O3, FeO, and SiO2 will
too be thermally stable in addition to Fe2O3 considered here. The following analysis
therefore only presents a limited sample of potential explanations to an observed slope:
T ≈ 700 K: If the temperature at ∼1 mbar is determined to be less than 700
K from the p − T profile, ZnS and KCl may potentially form condensates in the
observable atmosphere. Transmission observations which show slopes of S < −4
might suggest the presence of ZnS cloud particles with modal sizes between 10−2 to
3× 10−2 µm and Hc ≈ H or KCl cloud particles of similar sizes.
A trend that is present for all cloud species is that slopes for large Hc and large
a0 are mimicked by those for small Hc and small a0. For example, KCl particles
with a modal size of 8 × 10−2 µm and Hc = H produce the same slopes (−1 to
−2) as KCl particles with Hc = 3H/5 and modal sizes of 5 × 10−2 µm. This trend
follows from equation (3.19): a large modal size (i.e., a low γ) coupled with a large
Hc gives the same slope as a small modal size (i.e., a high γ) coupled with a small
Hc. This degeneracy is always present unless Hc may be predicted from fundamental
physical principles. Sánchez-Lavega et al. (2004) present a first estimate of Hc in
their equation (22) which could potentially be utilised in future work.
T ≈ 800 K: Atmospheres with temperatures of ∼800 K at 1 mbar might poten-
tially host NaCl cloud particles. Grain modal sizes between 10−2 and 5 × 10−2µm
could potentially help explain observations showing slopes of −5 < S < −3.
T ≈ 1100 K: Atmospheres with temperatures of ∼1100 K at 1 mbar might
potentially indicate MnS cloud particles for observed slopes of S . −8. On the
other hand, slopes of −8 . S . −3 present alternative possibilities. Observations
which have a uniform slope could imply Na2S cloud particles as opposed to MnS and
TiO2 particles (see Section 3.2.2). If S & −3 the slopes could be produced either by
large particles with Hc ≈ H or by small particles with scale heights of Hc ≈ 3H/5.
There is a general pattern for these species in that per a given slope, the modal
size increases sequentially for TiO2, Na2S, and MnS particles. Once the scale height
becomes lower than Hc ≈ 3H/10, the magnitude of H2 scattering dominates and the
optical spectrum features an H2 scattering slope of −4.2.
86
T ≈ 1300 K: Atmospheres with temperatures of ∼1300 K at 1 mbar might
potentially indicate MgSiO3 cloud particles with modal sizes between 10
−2 and 3 ×
10−2µm for observed slopes of S . −4. Mg2SiO4 always has a shallower slope than
MgSiO3 for a given Hc and a0.
T ≈ 1500 K: Atmospheres with temperatures of ∼1500 K at 1 mbar might
potentially suggest Fe2O3 cloud particles with modal sizes of 10
−2µm to 3× 10−2µm
and Hc ≈ H for observed slopes of −4 . S . −2. Slopes larger than −2 are
degenerate for different combinations of Hc and a0 until Hc ≈ 2H/5, at which point
the slopes begin to approach the molecular H2 value of −4.2.
T ≈ 1600 K: Atmospheres with temperatures of ∼1600 K at 1 mbar might
suggest Al2O3 rather than FeO as the the most likely species for values of S between
−3 and −4. These Al2O3 cloud particles would have sizes of ∼2 × 10−2µm with
large scale heights. Slopes between −2 and −3 may be due to either cloud type with
Hc = H and modal sizes of ∼2× 10−2 µm for FeO or 5× 10−2µm for Al2O3.
T ≈ 1700 K: Atmospheres with temperatures of ∼1700 K at 1 mbar might
potentially suggest SiO2 particles with Hc ≈ H and modal sizes between 10−2 and
4×10−2µm if−4 ≤ S ≤ −3, while an S between−2 and−3 would suggest modal sizes
of 5×10−2µm. The slopes and particle modal sizes for Hc = 4H/5 and Hc = 3H/5 are
almost indistinguishable and remain degenerate unless Hc can be reliably calculated
from first principles.
3.2.2 Second Metric: Shape of Optical Slopes
Most current models of transit spectra in the optical use parametric prescriptions for
clouds in both forward theoretical models and retrieval methods resulting in constant
slope values (e.g., Kreidberg et al., 2015; Sing et al., 2016; Blecic, 2016; Wakeford
et al., 2017; MacDonald and Madhusudhan, 2017a; Pinhas et al., 2019). Here we
investigate the uniformity of slopes in the optical for different cloud species. The
degree of non-uniformity of the optical slopes can provide constraints on the cloud
properties from high-precision observations.
Figure 3.3 shows the transmission spectra of twelve clouds for three modal particle
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a0 = 10−1 µm




Figure 3.3: Optical transmission spectra of cloud species. Species display either
uniform or non-uniform optical slopes depending on the particle sizes and condensate
type. All clouds but MnS, ZnS, Fe2O3, and TiO2 display observationally-limited
uniform slopes. The dashed black horizontal line delineates between cloud types
showing non-uniform and uniform slopes. Vertical offsets have been applied to make
these delineations clear.
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sizes (0.01, 0.1 and 1 µm). The species fall into two groups according to whether a
uniform slope is displayed in the optical range of 0.3 − 0.8 µm. Our interpretation
of ‘uniform’ is in accordance with the quality of observations. We start at the lowest
wavelength and construct a 1σ envelope with the same slope as that at the lowest
wavelength. A model curve that is able to fit completely within this 1σ envelope is
considered to have a uniform slope. The average 1σ uncertainty in zeff/H which we
use for this envelope is 1.25, and reflects the quality of spectra of ten hot Jupiters
with the best observations as contained in Sing et al. (2016).
Of the tested cloud species with modal sizes of 10−2 µm, four have non-uniform
slopes in the optical. MnS, ZnS, Fe2O3 and TiO2 have the most significant changes
in their scattering and absorption properties in the optical leading to variations in
their slopes. MnS deviates from uniformity most with a broad valley at 0.5 µm.
Fe2O3 shows three distinct regions composed of different slopes. On the other hand,
high-precision observations showing no significant non-uniformity in the optical can
be due to one or more species in the bottom group in Figure 3.3. Increasing the grain
modal particle size to 0.1 µm leads to an essentially grey opacity for all species in the
optical except for MnS. All cloud species display flat spectra for modal sizes larger
than 1 µm.
In all, small modal particle sizes of ∼10−2 µm produce non-flat spectra. Non-
uniform slopes in these spectra are seen for several species including MnS, ZnS, Fe2O3
and TiO2. Virtually all cloud species with modal sizes greater than 0.1 µm produce
flat, featureless spectra.
3.2.3 Third Metric: Cloud Features in the Infrared
The infrared region of a transmission spectrum holds information about cloud absorp-
tion features. However, these cloud features could be masked by absorption features
due to gas species (e.g., water vapour). Here we study cloud signatures for differ-
ent combinations of H2O abundances and modal particle sizes to identify the most
promising cloud species which are distinguishable in infrared spectra.
















































































100 × Solar H2O, a0 = 1µm
Figure 3.4: Model transmission spectra of cloudy hot Jupiter atmospheres in the
infrared. The models contain opacity due various cloud species, H2O, H2-H2 CIA,
and H2-He CIA. Each panel represents a particular distribution of cloud particle sizes
and atmospheric H2O abundance and assumes Hc = H. The black curves show
reference cloud-free models.
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strength and appearance of condensate features in the infrared. Figure 3.4 shows
transmission spectra for six scenarios ranging over H2O abundances of 10
−2× solar,
solar, and 100× solar and cloud modal particle sizes of 10−2 and 1 µm. The six com-
binations illuminate significant cloud signatures that are observable with facilities
capable of high-precision spectra in the infrared (e.g., the JWST).
1. Solar H2O, small a0: Figure 3.4 shows four cloud species dominate the spec-
trum for small cloud particles and solar H2O abundances. These species are
SiO2, Fe2O3, MgSiO3, and Mg2SiO4. SiO2 and Fe2O3 have strong specral fea-
tures at 8− 9 µm, and MgSiO3 and Mg2SiO4 have overlapping absorption sig-
natures at ∼10 µm. The lower condensation temperature of Fe2O3 compared
to SiO2 makes distinguishing between the two possible. On the other hand,
MgSiO3 and Mg2SiO4 have similar condensation temperatures. Distinguisha-
bility between these may come from the amplitude between optical and infrared
observations since MgSiO3 possesses a larger amplitude by a factor of ∼4. All
four cloud types are of unique interest because their features occur where there
is little contribution from H2O absorption (i.e., in the valley between two H2O
absorption bands).
2. Subsolar H2O, small a0: Lower abundances of water vapour reveal more
subtle features for the four condensates compared with case (1). SiO2, Fe2O3,
MgSiO3, and Mg2SiO4 display additional absorption features at wavelengths be-
yond ∼12 µm. MgSiO3 and Mg2SiO4 have coincident features at ∼18 µm which
may again be distinguished by the difference in optical-infrared amplitudes. An
SiO2 peak at 19 µm lies in the valley between two prominent Fe2O3 peaks at
∼15 µm and ∼22 µm, helping to distinguish between the overlapping features
in the ∼8 − 9 µm region. The steep MnS feature at ∼4 µm is significant due
the contrast in amplitudes it creates in the optical and infrared.
3. Solar H2O, high a0: The main effect of increasing particle sizes is to tran-
sition Mie theory into the geometric limit. The extinction coefficient for large
modal sizes approaches a constant value, as seen by the 1 µm curves in Figure
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3.1. Increasing the particle sizes decreases the relative strength of the absorp-
tion features in cases (1) and (2). Interestingly, the MnS feature at ∼4 µm is
inverted relative to case (2). This feature is remarkable because it is not due
to absorption as is generally assumed of all condensate features in the infrared
(Wakeford and Sing, 2015). The scattering and absorption refractive indices for
MnS illustrate this feature is due to strong scattering for particle sizes of & 0.1
µm (see MnS panel in Figure 1 of Wakeford and Sing, 2015). The case of MnS
demonstrates the mistake of this typical assumption, suggesting that scattering
dominates the cloud opacity for large particle sizes.
4. Subsolar H2O, high a0: Transit spectra of atmospheres with depleted water
abundances and large cloud particles are relatively flat with low-amplitude gas
features. As in case (3), the amplitude of condensate signatures are damped
with respect to smaller particles but the multiple spectral features of different
species in case (2) are present. The Al2O3 band from 10 − 20 µm appears
for subsolar water abundances and across all particle sizes. As observed by
Wakeford and Sing (2015), sulphides and chlorides have no prominent features
at wavelengths beyond ∼4 µm.
5. Supersolar H2O: H2O abundances at 100× the solar value generally extin-
guish all cloud features in the infrared. For small modal particle sizes, the
vibrational absorption peak of Fe2O3 at ∼9 µm is still distinguishable from the
large-amplitude H2O features. On the other hand, no cloud features are present
for large modal sizes. Condensates for which the opacity is large compared to
the H2O opacity exhibit flat spectra in the near infrared.
Our Figure 3.4 shows there are no spectral features of sulphide and chloride species
(i.e., Na2S, ZnS, KCl, and NaCl) even in the most promising scenario of subsolar H2O
abundances. This allows us to make predictions for planets suggested to host these
cloud species, such as GJ 1214b (Kreidberg et al., 2014b) and HD 95678b (Knutson
et al., 2014c). The transit spectra of GJ 1214b and HD 95678b between 1.1 and 1.7
µm are consistent with being flat. Our work suggests this may be due to KCl clouds
92
Planet Predicted Condensates Observed slope Ssd Teq (K)
HAT-P-12b None -2.24 ± 2.88 960
WASP-39b MnS -3.89 ± 1.28 1,120
WASP-6b MnS -4.14 ± 1.36 1,150
HD 189733b MnS -7.94 ± 0.61 1,200
HAT-P-1b MnS -4.11 ± 1.73 1,320
HD209458b MgSiO3 and Mg2SiO4 -3.04 ± 0.54 1,450
WASP-31b MgSiO3 and Mg2SiO4 -5.52 ± 1.27 1,580
WASP-17b Al2O3 -4.25 ± 1.03 1,740
Table 3.2: Properties of eight hot Jupiters. Listed are the predicted clouds in the
observable atmosphere (i.e., at ∼1 mbar), the slopes of the Sing et al. (2016) obser-
vations in the 0.3− 0.56 µm range, and the planetary equilibrium temperatures. The
predicted condensates are obtained by considering atmospheric pressures between
10−1 and 10−3 bar and the planetary-averaged p−T profiles in Figure 2 of Sing et al.
(2016).
with a modal particle size of 1 µm and subsolar water abundances or Na2S and ZnS
with subsolar to solar water abundances. The JWST will be capable of observing
these planetary atmospheres at wavelengths longer than 2 µm. Figure 3.4 predicts
that future observations of GJ 1214b and HD 95678b should display a decrease at
wavelengths greater than 9 µm if indeed Na2S, KCl, or ZnS clouds are present in their
atmospheres.
Our analysis of condensate signatures in the infrared reveals four cloud species
as the most promising for spectroscopic identification with the JWST: SiO2, Fe2O3,
MgSiO3, and Mg2SiO4. One instrument aboard the JWST, the Mid Infrared Instru-
ment (MIRI), will be especially important for identifying these species. MIRI will
span the window of 5 to 29 µm with sufficient precisions to distinguish their signatures




































































































Figure 3.5: Model transmission spectra of cloud species compared with observations
from Sing et al. (2016) for eight hot Jupiters. The planets include WASP-17b, WASP-
39b, HD 209458b, HAT-P-1b, WASP-31b, HD 189733b, WASP-6b, and HAT-P-12b.
The slope of the Sing et al. (2016) data with its associated uncertainty in the 0.30−
0.56 µm range is given by Ssd in each panel.
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3.3 Application to Current Observations
We apply the metric from Section 3.2.1 to observations of eight hot Jupiters. In
particular, we concentrate on two hot Jupiters with the most precise observations:
HD 189733b and HD 209458b. We find that the spectral precisions for the six other
planets allow for degenerate solutions of cloud properties, and conveys the importance
of improved precisions (e.g., through multiple-orbit HST observations). Our models
of HD 209458b and HD 189733b illustrate the need for higher quality data from future
facilities such as the JWST and the ELTs.
Figure 3.5 shows our cloud models compared with observations of eight hot Jupiters
from Sing et al. (2016). Although Sing et al. (2016) consider ten hot Jupiters in their
study, we do not include WASP-12b and WASP-19b since their atmospheric temper-
atures are much hotter than the condensation temperatures for the cloud species in
Table 3.1. The set of models for each planet are calculated assuming Hc = H and use
our results in Figure 3.2 to identify the modal size of cloud particles which reproduces
the mean slope of the observations (see Table 3.2). We also assume an isothermal
temperature profile valued at the equilibrium temperature of each planet (see Table
3.2). We choose an Hc = H for our models because condensate species are shown
to experience strong mixing in hot Jupiter atmospheres (Parmentier et al., 2013).
The models fit the observed spectra for the majority of hot Jupiters, yet the preci-
sions on the observations allow for degenerate fits ranging over different a0 and cloud
compositions. In particular, we find multiple indistinguishable fits for WASP-17b,
WASP-39b, HAT-P-1b, WASP-31b, WASP-6b, and HAT-P-12b.
3.3.1 HD 189733b and HD 209458b
Here we focus on the analysis of two hot Jupiters with the highest-quality observa-
tions, HD 189733b and HD 209458b. Figure 3.6 shows model transmission spectra
for HD 189733b and HD 209458b compared to the Sing et al. (2016) observations.
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Figure 3.6: Cloud model spectra compared with observations of HD 189733b and
HD 209458b. Each coloured model represents an H2-rich atmosphere with a certain
cloud species and additional opacities due to H2O, H2-H2 CIA, H2-He CIA, Na, and
K. The cloud parameters for each model are chosen to fit the data using the metric
of Figure 3.2. HD 189733b and HD 209458b models have 0.01× solar and super-
solar H2O abundances, respectively. The black curve is a benchmark model with
no condensates nor Na and K opacity, but includes 0.01×solar H2O, and H2-H2 and
H2-He CIA opacity. The black circles show data from Sing et al. (2016).
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not fit well by any single cloud species. MnS and ZnS fit the optical spectrum below
0.6 µm, but slope upwards at longer wavelengths and hence overall provide a poor
fit to the full spectrum. A preliminary investigation using combinations of species
(i.e., two or more) also do not show improved fits to the observations. The work of
Lecavelier Des Etangs et al. (2008) suggests that the HST data between 0.55 and
1.05 µm is due to sub-micron MgSiO3 particles. On the other hand, Vahidinia et al.
(2014) discuss the effects which the bases of clouds have on transmission spectra and
suggest that the steepness of the slope below 0.6 µm weakens the role of MgSiO3.
Our work finds a similar conclusion to that of Vahidinia et al. (2014) since Figure
3.6 shows that the steepness of the slope at wavelengths below 0.60 µm cannot be fit
with sub-micron MgSiO3 particles. More sophisticated three-dimensional radiative-
hydrodynamical simulations also find it challenging to fit the steep slope in the optical
(e.g., see Figure 3 of Dobbs-Dixon and Agol, 2013)
The lack of an overall fit to the HD 189733b observations may suggest the influence
of stellar activity on the spectrum. The planet’s host star shows significant activity
in the form of variations in the observed photometry at the 3 percent level which
is attributed to cool spots and hot faculae rotating in and out of view (Sing et al.,
2011). Starspots which are unocculted by the transiting planet and occulted plages
can induce variations in the optical transmission spectrum which could match the
observed slope below 0.6 µm (Oshagh et al., 2014; McCullough et al., 2014). A
combination of plage occultations and/or unocculted starspots together with one or
several cloud species could potentially fit the observations. Alternatively, the steep
slope may be due to another cloud species not considered in our study.
On the other hand, the spectrum of HD 209458b allows for similar model fits in the
optical for nearly all cloud species. However, the cloud spectra are unable to provide
good fits in the infrared. The poor fit between the cloud models and observations
might suggest inhomogeneous cloud coverage along the limb of the planet. Indeed,
MacDonald and Madhusudhan (2017a) conducted a retrieval analysis of the same
optical spectrum of HD 209458b and obtained a γ of −15.03+4.65−3.36. Together with
the optical slope of Ssd = −3.04 ± 0.54 (see Table 3.2), the cloud scale height is
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S/γ = Hc/H = 0.20+0.14−0.06. A Hc/H = 0.20 supports the suggestion for inhomogeneous
cloud coverage in the atmosphere of HD 209458b since our one-dimensional cloud
model shows that homogeneous clouds cannot be probed in transmission spectra for
Hc/H . 0.4 (see Section 3.2.1).
The degeneracies and disagreements exposed between our cloud models and present
observations of HD 189733b and HD 209458b call for higher-precision observations
as well as more detailed approaches to cloud modeling in transit spectra. The latter
can be met with present models which explore clouds with more sophistication, such
as those of Helling and collaborators (e.g., see Helling et al., 2016). For example,
the degeneracy among various parameters in our model (Hc, a0, cloud composition,
and abundances) for HD 189733b and HD 209458b can be mitigated through findings
from a more realistic kinetic approach as illustrated in Figures 4 and 6 of Helling
et al. (2016). Nevertheless, the three key observable metrics should be important to
interpret cloud properties with higher-precision observations using facilities such as
the JWST and the ELTs. Of the three observable cloud properties, cloud features
in the infrared show the most immediate promise to characterising condensate prop-
erties given the launch of the JWST in 2021. Interpretation of the peculiarly steep
slope of HD 189733b and HD 209458b’s optical data currently observed with HST
will benefit from the JWST’s broad infrared coverage, enabling the study of spectra
as a whole from 0.6 µm to 30 µm.
3.4 Discussion
We have developed a model of transmission spectra for cloudy atmospheres and have
investigated three observable metrics that can elucidate cloud properties with high-
precision observations. However, our study finds that illuminating cloud properties
in exoplanetary atmospheres requires higher-precision observations. There are also
several facets of cloud physics which we have not considered, some of which should
be incorporated into more sophisticated models in the future.
Cloud particles can form either from direct condensation from supersaturated
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vapour or by condensing onto particles of a different composition in processes called
homogeneous nucleation and heterogeneous nucleation, respectively. Our model as-
sumes a homogeneous creation of cloud particles since the particles are assumed to
be composed of a single material. However, heterogeneous cloud particles are also
expected to be present in exoplanetary atmospheres, especially in Earth-sized plan-
ets where sub-micron particles from the rocky surfaces should act as efficient seed
particles for heterogeneous nucleation (Marley et al., 2013).
We have also not attempted to model the actual formation of cloud particles.
Such a study may be necessary since the simplistic picture of all vapour condensing
at saturation ratios of one is generally not true. Helling et al. (2016) studied the
atmospheres of HD 209458b and HD 189733b using 3D cloud micro-physics models
and showed that supersaturation ratios in excess of ten are needed to form clouds in
hot Jupiter atmospheres (see also Figure 1 of Helling et al., 2008b). To this end and
more generally, the cloud formation model of Helling and collaborators represents the
most sophisticated and unassuming study of cloud formation in the atmospheres of
sub-stellar mass objects (Woitke and Helling, 2003, 2004; Helling and Woitke, 2006;
Helling et al., 2008a,b, 2014; Helling, 2018). The model considers the micro-physics
of cloud formation and follows the kinetic evolution of chemically-heterogeneous con-
densate particles through a self-consistent treatment of nucleation, sedimentation,
growth, evaporation, and hydrodynamical transport to provide the size, composi-
tions, and number density of cloud particles throughout the atmosphere.
Finally, we have assumed spherical cloud particles as opposed to irregular particles
(e.g., ellipsoids, discs, and fractals). The spherical assumption is idealised and yet
serves as a tractable way of understanding extinction from solid/liquid particles. We
have not considered extinction from particles of irregular shapes for two reasons.
First, the domain of validity of modified Mie theories are not extensively tested and
are not self-consistent in all cases (for more detail see Schuerman, 1980). For example,
Schuerman (1980) shows that the modified Mie theory of Chylek et al. (1976) violates
energy conservation and predicts total extinction cross-sections that are different from
the scattering cross-sections for a purely real refractive index (i.e., no absorption),
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a result which is unphysical. Second, even under the assumption of self-consistency,
these modified theories are of limited practical use due to our ignorance about the
shapes of particles in exoplanetary atmospheres
Finally, there are other semi-analytical cloud model formulations with which we
can draw comparisons. An alternative formulation of the effective altitude in equation
(3.2) is presented by de Wit and Seager (2013) through considering how much flux is
absorbed in the planetary atmosphere. Their effective altitude is
zeff(λ) = Rp(
√













As the optical depth τ(λ, z) appears in the exponent and z is always greater or equal
to zero, zeff ≥ 0 and Rp(λ) (on the left-hand side of equation (3.2)) is always greater
than or equal to the fiducial Rp. In this model Rp therefore acts as a hard surface,
while in our model it is a reference radius for which zeff can lie either below or above.
The slope of the effective altitude in equation (3.21) across wavelength – and the










where γ is the exponent on the effective extinction cross-section, σ′ = σ0(a)(λ/λ0)γ(a,λ).
In the non-Rayleigh limit η equals to Hc/H but these two relations are not equal in
the Rayleigh limit.3 The effective altitude used in this work and those of Lecavelier
Des Etangs et al. (2008) and Wakeford and Sing (2015) use Rp as a reference altitude
for which a negative effective altitude is allowed. The formulation of de Wit and
Seager (2013) outlined above is, by construction, such that Rp is a hard planetary
surface for which the effective altitude can only lie above or at the surface. We have
3The Rayleigh limit relations for the absorption and scattering cross-sections are strictly appli-
cable in the condition |m(λ)|x << 1 rather than the typically used x << 1 (Bohren and Huffman,
1983).
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tested this and seen that as the slant optical depth decreases (e.g., by considering
smaller particles dominating the extinction), de Wit and Seager (2013)’s model in-
deed asymptotically approaches the planetary surface without going below, unlike in
this study and those of Wakeford and Sing (2015) and Lecavelier Des Etangs et al.
(2008). It is important for a model to have Rp represent a reference altitude since
its value is typically obtained by averaging across a broad wavelength range and thus
in practice there may be wavelengths at which τeff = 0.56 occurs below this fiducial
radius.
3.5 Summary
We have investigated several observable metrics to characterise clouds in transmission
spectra of exoplanetary atmospheres. These observable metrics include the slope in
the optical wavelength range, the uniformity of this slope, and cloud features in the
infrared. We have explored the first metric through the effects of cloud composition,
modal particle size, and cloud scale height on the observable spectral slope in a
clean window in the optical. Second, we have studied which cloud species produce
uniform/non-uniform slopes in the optical given the quality of current observations.
These two metrics will be valuable for the interpretation of high-precision optical
observations. Finally, there are several cloud species with strong features in the
infrared, a region that represents the most immediate practical promise in deciphering
cloud properties given the forthcoming launch of JWST.
The study of optical slopes reveals that significantly steep slopes of S < −5 could
imply the presence of sulphide clouds (i.e., MnS, ZnS, and Na2S) in an atmosphere.
Slopes of S > −5 are mostly degenerate for different cloud species and modal particle
sizes at a given cloud scale height. The slopes are also degenerate with the cloud scale
height, in that large modal particle sizes with large scale heights produce similar
slopes as clouds composed of smaller particles with smaller scale heights. Below
cloud scale heights of Hc ≈ 2H/5, the effects of clouds become undetectable and
the optical slopes of transmission spectra tend towards the H2 Rayleigh scattering
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value of −4.2. The properties of homogeneous clouds are therefore manifested in
transmission spectra for Hc & 2H/5. Cloud scale heights that are smaller than
0.4H suggest either inhomogeneous clouds or atmospheres dominated by H2 Rayleigh
scattering. Finally, a slope of about ∼−4 does not of itself suggest H2 Rayleigh
scattering since such a slope is produced in the Rayleigh regime for many cloud
species with large scale heights (e.g., sulphides and chlorides). One obvious path
to resolving these degeneracies is through knowledge of the temperature structure
obtained from retrieval methods.
Optical spectral observations of transiting exoplanets are usually modeled with
simple cloud prescriptions using uniform power-law slopes (e.g., Sing et al., 2016).
However, the extinction profiles of some cloud species show non-uniform slopes in the
optical. For example, MnS grains of sizes ∼10−2 µm feature an absorption trough
at ∼0.5 µm leading to a distinctly non-uniform shape. Four of the twelve cloud
species considered in this study have non-uniform slopes in the optical: MnS, ZnS,
Fe2O3, and TiO2. Future high-precision observations in the optical should enable
honed constraints on the cloud properties through considering species which show
substructure in optical slopes and those which are significantly linear. Species can
then be further constrained through the first and third observable metrics.
Infrared observations are poised to disambiguate interpretations made from the
optical region alone. Cloud infrared features can be due to both absorption and scat-
tering. For example, MnS clouds with modal particle sizes greater than 0.1 µm con-
tribute to extinction at ∼4 µm through scattering. The cloud features most amenable
for future spectral interpretation are those which are observable across a wide range
of volatile gas abundances. These include four cloud types: SiO2, Fe2O3, Mg2SiO4,
and MgSiO3. For solar-composition water abundances, SiO2 and Fe2O3 have narrow
peaks between 8 and 9 µm and Mg2SiO4 and MgSiO3 possess broader features across
8 to 12 µm.
We have applied these metrics to current observations of eight hot Jupiters. For six
of the planets the current precisions on the spectra allow for a wide range of solutions,
suggesting the need for higher-precision spectra. For the planets with the most precise
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data, HD 209458b and HD 189733b, we find degenerate fits to the optical spectrum
of HD 209458b and the full spectrum of HD 189733b is challenging to explain by
any one of the considered cloud species. Our work highlights the overall importance
of broadband (i.e., optical-infrared) high-precision transmission spectra as well as
detailed theoretical models for reliable inferences of cloud properties in transiting
exoplanetary atmospheres. Dedicated observations with current space- and ground-
based facilities (e.g., HST and VLT) as well as upcoming facilities (e.g., JWST, ELTs)
promise new advancements in this direction. The three empirical metrics presented in
our current work can prove useful in cloud characterisations exoplanetary atmospheres






In this chapter we discuss the retrieval approach to studying exoplanetary atmo-
spheres, namely the procedure for estimating the atmospheric properties from ob-
served spectra of exoplanets. The retrieval approach aims to obtain statistical con-
straints on the properties of an atmosphere from an observed spectrum of an exo-
planet. This is achieved by constructing a parametric model of a planet’s atmosphere
which is combined with a parameter-estimation algorithm that samples over these
model parameters in order to infer the most likely estimates of atmospheric proper-
ties given the data. Typical properties explored in a retrieval are the compositions
and abundances of chemical species and the temperature structures of atmospheres.
The first retrieval method developed for the interpretation of exoplanetary atmo-
sphere observations was by Madhusudhan and Seager (2009). The retrieval methods
that have arisen since are mostly distinguished by the sophistication of the algorithms
used to sample the large number of model parameters and estimate their probability
distributions.
The retrieval methods used in this thesis are adapted from the retrieval method
of Gandhi and Madhusudhan (2018). The retrieval method of Gandhi and Mad-
husudhan (2018) is specific to emission spectra in the secondary eclipse geometry
and we have therefore made several modifications to the method before an applica-
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tion to spectra of transiting planets in the primary eclipse geometry as well as to
emission spectra of directly-imaged objects. In the case of spectra of transiting plan-
ets in the primary eclipse geometry, we have developed a separate radiative transfer
model for the passage of stellar light along the day-night terminator of a planet and
have also adopted additional prescriptions for clouds and hazes from MacDonald and
Madhusudhan (2017a). The retrieval method for emission spectra of directly-imaged
objects differs from the method in Gandhi and Madhusudhan (2018) only in that the
former requires the flux from the object alone, whereas the flux of the planet is di-
vided by the flux of the star for secondary eclipse spectra (Gandhi and Madhusudhan,
2018). These methods are used in five studies which characterise the atmospheres of
exoplanets and are presented in Chapters 5− 8.
Here we present the retrieval methodology and outline the structure of several new
Bayesian retrieval methods for observations of transiting and directly-imaged planets
adapted from Gandhi and Madhusudhan (2018). Retrieving model parameters for
spectral observations of transiting and imaged objects requires two basic components:
a parametric model of a planetary atmosphere and a statistical sampling method for
the model parameters. These are outlined here in turn. A condensed illustration of
the retrieval methodology is shown in Figure 4.1.
4.1 Parametric Model
4.1.1 Pressure-Temperature Profile
The pressure-temperature (p − T ) profile of a planetary atmosphere is calculated
through the parametric relations in Madhusudhan and Seager (2009). The p − T
profile is able to fit various planetary atmosphere structures, mimicking atmospheric
conditions of solar system planets as well as exoplanetary atmosphere models in the


























Figure 4.1: Illustrated retrieval methodology. Model parameters are drawn using
the MultiNest sampling algorithm and used to generate the temperature profile
throughout the atmosphere. The temperature profile informs the relevant opacities
which are used to evaluate the transfer of stellar radiation through the planetary
atmosphere in the case of transiting planets in the primary eclipse geometry, or the
transfer of thermal radiation (i.e., self-luminosity) in the case of transiting planets in
the secondary eclipse geometry as well as directly-imaged planets. The model spec-
trum is then convolved and binned, degrading the model spectrum to the quality of
the observed spectrum. The relevance of the degraded model is then straightforwardly
compared with the observed spectrum via the likelihood. The likelihoods are ascer-
tained with the MultiNest nested sampling algorithm which maneuvers through
the space of model parameters and finds those with highest likelihoods. Once con-
vergence is achieved on the ‘evidence’ statistic (Z), MultiNest stops its iterative
search and returns the final evidence and parameter estimates.
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for the temperature,





P0 < P < P1 (4.1)





P1 < P < P3 (4.2)





P > P3 (4.3)
A schematic of the profile is illustrated in Figure 1 of Madhusudhan and Seager
(2009). The free parameters of the temperature profile are T0, the temperature at the
top of the atmosphere; α1 and α2, values responsible for gradients in the temperature
profile; and P1, P2, and P3 which define the distinct atmosphere layers and generally
determine the presence of a thermal inversion. In the case of no thermal inversion
the pressure parameters satisfy P2 ≤ P1 < P3, whereas those for thermally-inverted
atmospheres obey P1 < P2 < P3.
1 We partition our model atmosphere into 100 layers
spaced equally in the logarithm of pressure between 10−6 bar and 102 bar. The upper
pressure value of 10−6 bar represents the region where molecules become rarefied and
thus no longer contribute appreciable opacity (Moses et al., 2011; Moses, 2014).
4.1.2 Gaseous Sources of Opacity
In addition to the temperature structure of the atmosphere, the general retrieval
forward model contains a suite of chemical species in the atmosphere that absorb
and scatter incident light. In the case of transmission spectra the light is from the
star, while for emission spectra (i.e., for transiting planets in secondary eclipse as
well as directly-imaged objects) the light is the thermal radiation of the object itself.
Our model considers eight gaseous species: Na, K, H2O, CO, CH4, CO2, HCN, and
1We note that the condition for Rayleigh-Taylor instability (i.e., fluid motion resulting from the
gravitational force acting on an inverted density gradient) is dlnp > dlnT by evaluating dρ/dr > 0
(cf. equation (4.5)). The logarithmic nature of this condition means that an atmosphere would be
unstable to Rayleigh-Taylor motion if the temperature changes drastically within a small region of
atmosphere with a small drop in pressure; for example, a temperature drop from 3,000 to 1,000 K
over a pressure range of only 10−2 − 10−2.5 bar could trigger instability. Strong thermal gradients
produced by thermal inversions could in principle generate an such an instability, though in practice
such retrieved profiles have not been observed using this parameterisation.
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NH3. We choose these species since they are shown to be significant contributors of
opacity in the atmospheres of transiting planets and directly-imaged objects in the
spectral range of observations between 0.3 and 5 µm (Madhusudhan, 2012; Moses
et al., 2013; Venot and Agúndez, 2015). The volumetric mixing ratio of each species,
Xi = ni/ntot, is assumed uniform in the atmosphere and each is a free parameter in
the retrieval framework. The volumetric mixing ratio of H2 is calculated assuming a
H2-He dominated atmosphere with a solar composition XHe/XH2 ratio of 0.18 (derived
from Asplund et al., 2009) and requiring the sum of relative abundances be unity,
XH2 = (1 − Σi,i 6=HeXi)/(1 + XHe/XH2), where i denotes one of the eight molecules
above. The volumetric mixing ratios and masses of all the chemical species are used





This mean molecular mass and the atmospheric temperature profile provide the gas
mass and number densities throughout the atmosphere under the assumption that










We consider line absorption from the above chemical species and collision-induced
absorption (CIA) from H2-H2 and H2-He. The molecular cross-sections for CH4,
HCN, and NH3 are computed from EXOMOL line data (Tennyson et al., 2016) and
line data for H2O, CO, and CO2 are obtained from HITEMP (Rothman et al., 2010).
The CIA line data are sourced from the HITRAN archive (Richard et al., 2012) (with
the original CIA line data from Borysow et al. (1988) and Borysow (2002)). These line
data are applied with a Voigt function to incorporate both temperature (Doppler)
and pressure broadening. The computed molecular cross-sections are binned to a
resolution of 0.01 cm−1 on a pre-defined temperature and pressure grid spanning
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Figure 4.2: Cross-sections of molecular species. Left panel: Cross-sections of H2O,
CO, CH4, CO2, HCN, and NH3 in the wavelength range relevant for transmission
spectra. The temperature is typical of transiting hot Jupiters and the pressure indi-
cates the region where the slant optical depth is about 1. Right panel: Cross-sections
of H2O, CO, CH4, CO2, HCN, and NH3 in the wavelength range relevant for spectra
of directly-imaged objects. The temperature is typical of imaged companions and the
pressure indicates the region where the optical depth is about 1. In both cases the
cross-sections are smoothed for clarity.
10−5 to 102 bar and 300 – 3500 K. The established grid is interpolated to extract
the cross-section for a general temperature, pressure and wavelength. A complete
description of molecular cross-section calculations from the latest available line-list
data as used in our work is presented in Gandhi and Madhusudhan (2017). Figure
4.2 shows the cross-sections for chemical species at 1500 K and 1 mbar as well as
1000 K and 0.1 bar. These temperatures represent typical regimes for transiting and
directly-imaged planets, respectively. The pressures indicate the photospheric regions
where the optical depths are ∼1.
The molecular cross-sections thus obtained are evaluated at each p − T point of
the atmosphere along the path of a light ray. The contributions from all species
are summed at each point and weighted by their mixing ratios Xi to give the to-
tal extinction coefficient κ and differential optical depths dτ throughout the whole
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atmosphere,
κ(p, T, λ) =
∑
i







dτ(p, T, λ) = −dp
ρg
κ(p, T, λ). (4.8)
Here, the first term of equation (4.7) contributes extinction from molecular species and
alkali metals, the second term represents H2 Rayleigh scattering, and the third term
serves for CIA extinction from interactions between H2 and He such that j ∈ {H2,He}.
The CIA ‘cross-section’ σH2−j has units of [m
−1amagat−2] or [m5]. In the case of
transmission spectra, dτ represents the differential optical depth to stellar light at each
slant path in the atmosphere, while for emission spectra dτ is the differential optical
depth to thermal planetary light along the path of a ray out from the atmosphere.
4.1.3 Cloud and Haze Opacity
Spectral observations of exoplanets have suggested clouds and hazes across a wide
spectrum of planetary types (e.g., Kreidberg et al., 2014b; Knutson et al., 2014b; Sing
et al., 2016; MacDonald and Madhusudhan, 2017a). The terms ‘clouds’ and ‘hazes’
are typically used in specific contexts in the literature. From a formation standpoint,
‘hazes’ imply particles formed through photochemical processes whereas a ‘cloud’
constitutes particles formed through condensation of vapour onto seed particles under
suitable thermodynamic conditions (Marley et al., 2013). Hazes and clouds typically
constitute small and large particles, respectively, where the distinction in particle size
occurs at ∼0.1 µm (see Section 5.2.6 of West et al., 2004).
In the case of transmission spectra, these terms are also generally used in reference
to the morphology of spectral features they produce, especially in parametric models
used for atmospheric retrieval (e.g., Benneke and Seager, 2012; Kreidberg et al., 2014d;
Sing et al., 2016; MacDonald and Madhusudhan, 2017a). A ‘cloud’ is generally used
to mean a source of grey opacity from particle sizes greater than ∼1 µm present to a
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certain height in an atmosphere, while a ‘haze’ is represented by a non-grey opacity in
the optical wavelength region through a power-law dependence on wavelength and is
present at higher altitudes (e.g., MacDonald and Madhusudhan, 2017a). In essence,
hazes produce Rayleigh-like slopes in the visible spectral range and clouds produce a
grey opacity throughout the spectrum.
The transmission retrieval model includes a parameterisation for inhomogeneous
clouds and hazes according to their definitions in the above paragraph. The ex-
tinction coefficient which broadly incorporates these two spectral effects is given by
(MacDonald and Madhusudhan, 2017a),
κcloud/haze(p) =
 nH2(p)aσ0(λ/λ0)γ if p < Pcloud∞ otherwise (4.9)
where the first relation represents a slope in the optical due to hazes and the second
equality represents an opaque grey opacity across all wavelengths for clouds. Here, λ0
is a reference wavelength (0.35 µm), σ0 is the H2 Rayleigh scattering cross-section at
λ0 (5.31 × 10−31m2), a is the ‘Rayleigh-enhancement factor’ and γ is the ‘scattering
slope’. The Rayleigh-enhancement factor determines the offset level of the optical
transmission spectrum. Therefore three cloud/haze parameters in the retrieval model
are a, γ, and Pcloud. The fourth cloud/haze parameter φ̄ describes the cloud and haze
contribution at the limb of a planet and enters into the transmission spectrum as
∆planet(λ) = φ̄∆cloud/haze(λ) + (1− φ̄)∆clear(λ). (4.10)
where ∆cloud/haze (∆clear) are the transit spectra computed with (without) incorpo-
ration of clouds and hazes. A terminator completely covered with clouds/hazes has
φ̄ = 1 while a clear atmosphere along the terminator has φ̄ = 0. A terminator with




The final component of an atmospheric model for transiting planets is a way to calcu-
late the transmission of stellar light through its atmosphere. As an exoplanet transits
its host star, incident stellar light filters through the planetary atmosphere and expe-
riences differential extinction across wavelength due to absorption and scattering from
gas and solid particles. The observed transmission spectrum is modeled through con-
sideration of pencil rays travelling through each layer in the atmosphere. The transit











This equation is adopted from the appendix of MacDonald and Madhusudhan (2017a).
Here, j ∈ {cloud/haze, clear} and denotes the component in equation (4.10), R? is
the stellar radius, HA is the maximal atmospheric altitude (i.e., at 1 µbar), b is the
impact parameter perpendicular to the line-of-sight, and τs,j is the total slant optical
depth for component j at b. As such, τs,j(b, λ) is the integral of equation (4.8) over
slant length s. The variable planetary radius with wavelength in equation (4.11) can
be understood physically. The first term is achromatic absorption from an opaque
planetary radius. The second term accounts for chromatic extinction of incident light
rays above the fiducial Rp, and the third term accounts for rays whose atmospheric
optical depth becomes low below the assumed fiducial radius Rp.
4.1.4.2 Emission Spectra
In contrast to transmission spectra, emission spectra represent the self-luminosity
(i.e., thermal heat) of a planet. The observed spectrum is therefore the light energy
originating from deep within an object and modulated by its overlying atmosphere.
We model the emergent thermal spectrum as follows. Thermal rays originating
deep within an object are attenuated by molecular absorbers and enhanced by emis-
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sion from each layer in the atmosphere. The spectrum of thermal rays that emanate











The first term represents absorption and scattering of light throughout the atmo-
sphere and the second term represents a contribution to the intensity from emission
in atmospheric layers. Here Ibottomλ,µ is the specific intensity at the atmosphere’s bot-
tom (102 bar), Sλ is the source function responsible for emission at each layer and is
the Planck function assuming local thermodynamic equilibrium, Itopλ,µ is the emergent
intensity at the top of the atmosphere (i.e., 10−6 bar), and µ = cos θ is the projection
of an outgoing ray with angle θ onto the vector pointing towards the observer.
We discretise equation (4.12) for a numerical solution. Starting from a thermal
Planck spectrum for Ibottomλ,µ with a temperature of the p − T profile at 102 bar, we
evolve the spectrum through each layer in the atmosphere for all wavelengths and a
projected angle µ according to
∆IN→N+1λ,µ = (I
N
λ,µ −Bλ)(e∆τ/µ − 1). (4.13)
Here, INλ,µ is the specific intensity at the bottom boundary of layer N and ∆τ =
τN+1 − τN and is the differential optical depth between the bottom boundaries of
layers N and N + 1. The specific intensity in layer N is modulated by ∆IN→N+1λ,µ to
obtain the intensity in the next layer, IN+1λ,µ . We iteratively apply equation (4.13) at
each successive atmospheric layer to follow the spectral evolution of the ray until it
exits the last layer at 1 µbar. The total emergent spectrum is a weighted sum over
all projected rays µ and is




The method of Gaussian quadrature (Press et al., 1992, section 4.5) is applied to
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Four {0.56, 0.78, 0.56, 0.78} { 0.43, −0.43, 0.76, −0.76 }
Table 4.1: Modified weights and projected angles for various numbers of emergent
thermal rays.


























where the modified weights and modified projected angles are defined as w′i ≡ wi/2
and µ′i ≡ µi/2 + 1/2, respectively. The w′i and µ′i are listed in Table 4.1 for several
ray values. Finally, the observed flux is the emergent flux at the object radius Robj
but spherically attenuated by the distance d to the observer,








We emphasise that a retrieval of spectra for imaged objects involves additional
model parameters compared to one for transiting planets and is thus generally more
challenging. In addition to estimating atmospheric properties such as the temper-
ature structure, the gaseous chemical abundances, and the bulk cloud properties,
macroscopic properties including the radius Robj, the mass Mobj, and the distance
d to the imaged object are generally not known a priori. These three macroscopic
parameters are therefore included in any retrieval of imaged spectra and introduce a
greater challenge into a retrieval analysis.
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4.1.5 Model-Data Comparison
With an atmospheric retrieval model established from components 4.1.1 − 4.1.4 for
a set of free parameters, it is necessary to ascertain its degree of fit to observations.
The statistical comparison of a high-resolution model to observations involves two
steps. First, the high-resolution spectrum generated from a set of free parameters is
convolved with the point-spread function (PSF) of each instrument, which degrades
the model abstraction to the instrument’s capability. The convolved model spec-
trum is then further degraded by binning it to the spectral resolution of the actual
observations.
In practice, the transition of a high-resolution model M to a lower-resolution





The convolved spectrum is then discretised to the resolution of the data through








This calculation is performed for each data-point i where λmin,i (λmax,i) is the minimum
(maximum) wavelength value of the bin width for that data-point.
4.2 Bayesian Inference Method
The essence of the retrieval approach is to use spectra of exoplanets to infer various
properties of their atmospheres. In addition to the estimation of planetary prop-
erties, it is beneficial to be able to compare the adequacy of models with different
assumptions to an observed spectrum. We therefore adopt a Bayesian approach to
the estimation of planetary properties and model comparison.
The Bayesian approach used in this work is the MultiNest multi-modal nested
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sampling technique that enables parameter estimation as well as an efficient calcu-
lation of the Bayesian evidence (Skilling, 2004, 2006; Feroz and Hobson, 2008; Feroz
et al., 2009, 2013). The MultiNest algorithm takes atmospheric spectra as input
and samples the multi-dimensional space of atmospheric model parameters to com-
pute the evidence Z. In addition, the nested sampling approach allows for joint and
marginalised posterior distributions of the retrieval model parameters and their statis-
tical credibility intervals. We implement the MultiNest nested sampling algorithm
through a Python interface, PyMultiNest (Buchner et al., 2014). Detailed discussions
on the nested sampling method are available in Skilling (2004), Skilling (2006), Feroz
et al. (2013), and Buchner et al. (2014).
4.2.1 Parameter Estimation
The heart of Bayesian parameter estimation lies in one relation known as Bayes’ The-
orem. Consider a parametric retrieval model Mi defined by a set of free parameters
~θ. The a priori values and probabilities of the parameters are described through the
prior probability density function, pprior(~θ|Mi). Consideration of observations allows






Here, the initial parameter plausabilities (pprior(~θ|Mi)) transform according to the
plausability of the observations in light of the parameter values ~θ (L(Dobs|~θ,Mi)) to
give a final distribution of probabilities for each parameter (pfinal(~θ|Dobs)), called the
posterior probability distribution. Normalisation of the posterior probability distri-
bution is ensured through Z(Dobs|Mi). The measure of fit between observations and











in whichMi,k is the kth binned data-point of spectrumMi as outlined in Section 4.1.5,
and σk is the precision on the k
th datum. The estimation of parameter values through
equation (4.20) does not in itself require a calculation of Z since the latter is simply
a constant of normalisation. However, not considering Z assumes the model – among
other putative models – is best suited to describe the data. Therefore, a calculation
of Z is powerful when one aims to compare models with different assumptions (e.g., a
clear versus cloudy atmosphere). The evidence Z, so called for its utility in providing







In addition to the parameter estimation achieved through Bayes’ Theorem, the nested
sampling method allows for a direct calculation of Z which enables model compar-
isons. This is in contrast to Markov Chain Monte Carlo methods which have been
designed to estimate parameters without providing Z. The key to an efficient calcu-
lation of Z lies in collapsing the multi-dimensional integral in equation (4.22) to a
sum over one dimension (Skilling, 2006). To obtain Z in this form, first we consider





and which considers all likelihood values greater than β. As β increases X decreases
from 1 to 0, where for β = Lmax, X = 0. Hence the evidence in equation (4.22)











The nested sampling procedure runs with an evolving set of N ‘live points’ drawn
from the prior mass where N can be large for accuracy or small for expedition
(Skilling, 2006). At each sampling iteration one live point with the lowest likeli-
hood value Lmin is substituted with another point of likelihood Lsub drawn from the
prior distribution such that Lsub > Lmin. By induction, the live points are drawn from
steadily increasing iso-likelihood contours with progressive iterations. The sampling
process continues as above with Z calculated by equation (4.25) and is terminated
once a pre-figured tolerance on ∆Z is achieved, providing for a final value and error
on Z.
With the evidence thus acquired, a quantitative comparison of two models is given





where the sub-scripts i and j represent model i and j, respectively. A Bij > 1
represents a preference for model Mi over model Mj. In particular, Bij values of
1− 3, 3− 20, 20− 150, and >150 can be interpreted as ‘weak’, ‘substantial’, ‘strong’,
and ‘very strong’ preferences of model Mi over model Mj, respectively (Kass and
Raftery, 1995). This enables direct model comparison for distinct model realisations
(e.g., a model with H2O versus a model without H2O). The assumptions embedded
in equation (4.26) are that the model components used in the interpretation of data
are complete and correct, and that each model has an equal a priori plausibility.
In practice, however, neither one of these assumptions is generally the case and an
awareness of this should be kept in mind when interpreting data.
As discussed in Benneke and Seager (2013), the Bayes factor can be transformed
into a detection significance (i.e., a σ significance) in the language of frequency statis-
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tics and effectively quantifies the probability for model Mi against Mj. We com-
municate both statistics in the presentation of our results to accommodate readers
familiar with either area.
4.3 Outline of Retrieval Applications
The retrieval methods for transmission and emission spectra outlined in this chapter
are applied to a suite of observations in Chapters 5 − 8. In Chapter 5, we use the
transmission retrieval framework to explore the chemical and thermal properties of
ten hot giant exoplanets, with a particular focus on the water vapour abundances
and bulk cloud/haze properties in their atmospheres. Chapter 6 extends the present
transmission retrieval framework to incorporate effects from the host stars of planets.
The new retrieval method allows the investigation of stellar and planetary properties
simultaneously and is applied to nine hot giant exoplanets. The emission spectra
of four iconic directly-imaged companions in the HR 8799 system are examined in
Chapter 7. The clear presence of water vapour is confirmed in all four atmospheres.
Finally, Chapter 8 presents two additional retrieval applications to the primary and




H2O Abundances and Cloud
Properties in Ten Hot Giant
Exoplanets
The determination of chemical abundances is a major aspect in the characterisation
of exoplanetary atmospheres. Nevertheless, chemical abundance estimates of gases is
made challenging by the potential presence of atmospheric clouds and hazes which
can contribute significantly to the optical depth of spectra (Fortney, 2005). In trans-
mission spectra, the presence of a cloud deck in an atmosphere means that only the
layers above the cloud deck contribute to the amplitude of a gas feature. The ampli-
tude of a spectral feature can therefore be substantially diminished and challenge our
ability to obtain reliable estimates of the corresponding molecular abundance since
such small features could indicate either a significant presence of clouds and hazes
(Deming et al., 2013; Sing et al., 2016) or inherently low abundances of a molecule
(Madhusudhan et al., 2014b; Barstow et al., 2017).
Throughout the last decade, atmospheric observations of transiting exoplanets
using the Hubble Space Telescope (HST) Wide Field Camera 3 (WFC3) spectro-
graph have revealed small absorption features of water vapour (H2O) for almost all
the observed hot giant exoplanets (i.e., hot Jupiters). Some of the earliest spectral
observations (Deming et al., 2013; Pont et al., 2013) showed H2O features which rep-
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resent 1-2 scale heights instead of 5-7 scale heights expected for a saturated feature
(Madhusudhan and Redfield, 2015). The former two studies attributed the small
features to a significant presence of clouds and hazes as opposed to inherently low
abundances of H2O. Subsequently, Madhusudhan et al. (2014b) carried out a retrieval
study of three hot Jupiter spectra with low-amplitude H2O features but, contrary to
the above studies, found inherently low H2O abundances (i.e., sub-solar abundances)
in their atmospheres. More recently, Sing et al. (2016) reported a collection of broad-
band transmission spectra of ten hot giant exoplanets all of which have H2O features
characterised by small (i.e., ∼2) atmospheric scale heights. Sing et al. (2016) used
theoretical transmission models to suggest the spectra could be explained by a promi-
nence of clouds and hazes without sub-solar H2O abundances. However, a subsequent
retrieval study (Barstow et al., 2017) reported that nearly all of the planets in Sing
et al. (2016) showed evidence for sub-solar H2O abundances in their atmospheres, con-
sistent with earlier retrieval interpretations of hot Jupiter spectra with low-amplitude
H2O features (e.g., Madhusudhan et al., 2014b).
Here we present a retrieval study of the atmospheric properties of the ten hot
giant exoplanets contained in Sing et al. (2016). Our study represents the first time
that detailed statistical estimates of atmospheric properties have been made for a
size-able exoplanet sample with broadband data. The analysis confirms a significant
trend of low H2O abundances present in the atmospheres along the day-night termi-
nator regions of the planets (Madhusudhan et al., 2014b; Barstow et al., 2017). The
published form of this work is presented in Pinhas et al. (2019).
5.1 Background
A recent spectroscopic survey, Sing et al. (2016), investigated the atmospheric proper-
ties of ten hot giant exoplanets using transmission spectra in the 0.3 − 5.0 µm range.
The planets, all similar in size to Jupiter, range in equilibrium temperature between
900 K and 2600 K and in mass between 0.2 and 1.5 Jupiter masses. The spectra for
the objects were obtained with multiple instruments including the STIS (0.3 − 1.0
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µm) and WFC3 (0.8− 1.8 µm) spectrographs aboard the HST and the Spitzer IRAC
photometric channels at 3.6 µm and 4.5 µm. The amplitudes of H2O features across
the sample were found to be low, below ∼2 atmospheric scale heights. Throughout
the last decade, such low amplitudes were interpreted as either due to obscuration
by clouds/hazes (e.g., Deming et al., 2013) or due to inherently low H2O abundances
(e.g., Madhusudhan et al., 2014b)
Sing et al. (2016) interpreted the observed atmospheric spectra using empirical
metrics in an attempt to decipher the degree of clouds/hazes and the H2O abundances
in the atmospheres. The contribution of H2O was represented by the amplitude of
the H2O feature at ∼1.4 µm, while the difference between the optical and infrared
planetary radii was taken as representative of the cloud/haze contribution. These
empirical metrics of the observations were evaluated with a grid of atmospheric models
assuming chemical equilibrium to suggest that the atmospheres spanned a continuum
from clear to cloudy without evidence for sub-solar H2O abundances.
A complementary study of the Sing et al. (2016) survey, Barstow et al. (2017),
suggested a general range of H2O abundances indicating sub-solar abundances in most
of the planetary atmospheres. Barstow et al. (2017) used the Non-linear Optimal
Estimator for MultivariatE Spectral analySIS (NEMESIS) statistical algorithm to
infer the properties of their atmospheres. They found the spectra are consistent with
the presence of clouds and hazes but, contrary to the work of Sing et al. (2016),
found that the planets have sub-solar H2O abundances between 0.01× solar and
solar. The NEMESIS retrieval technique of Barstow et al. (2017) assumes Gaussian
priors around a single best-fit solution and doesn’t allow a full marginalisation of the
parameter posterior distributions such that obtaining statistical estimates of model
parameters as well as their significances is not possible.
In the present chapter we use the transmission retrieval method outlined in Chap-
ter 4 to conduct a homogeneous analysis of the ten hot giant exoplanets contained in
Sing et al. (2016) to determine statistical estimates of their atmospheric properties.
The estimated atmospheric properties we report include the H2O and other chemical
abundances, the cloud/haze properties, and the temperature structures at the limbs
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of the planets.
We present our results as follows. The atmospheric spectra which are used as
inputs to the retrieval are outlined in Section 5.2 and we briefly highlight the im-
portance of optical observations for reliable estimates of atmospheric properties in
Section 5.2.1. In Section 5.3 we present results from our retrieval analysis, with a
focus on the H2O abundances. We then discuss our work in light of previous relevant
studies (Sing et al., 2016; Barstow et al., 2017) and review the essential results of our
analysis in Sections 5.4 and 5.5.
5.2 Observations
We use the transmission retrieval approach outlined in Chapter 4 to interpret the
transmission observations of ten hot Jupiters included in Sing et al. (2016). Table 5.1
shows the properties of each planetary system along with details of the observations
used as input to our retrievals. The transmission spectra are obtained from recent
studies covering a broad wavelength range from 0.3 − 5.0 µm using the HST and
Spitzer facilities (Sing et al., 2016; Kreidberg et al., 2015; Line et al., 2013; Tsiaras
et al., 2018). In particular, the data are products of eight observing modes: HST STIS
G430L, HST STIS G750L/M, HST ACS G800L, HST WFC3 G102, HST WFC3
G141, and two Spitzer IRAC photometry bandpasses at 3.6µm and 4.5µm. All
planets except for WASP-6b have data comprising at least HST STIS G430L, HST
STIS G750L/M, HST WFC3 G141, and the two Spitzer IRAC channels. WASP-
6b lacks WFC3 spectroscopy while HD 189733b has additional spectroscopy in the
0.8− 1.1 µm range from ACS G800L.
We use the same data as in Sing et al. (2016) except in the cases of HAT-P-
12b, WASP-12b, and WASP-39b, where other and/or additional data have been used
in the near-infrared (Kreidberg et al., 2015; Line et al., 2013; Tsiaras et al., 2018).
In addition, we have not used the HST NICMOS data for HD 189733b since its
systematics cannot be reliably understood and corrected at the level needed to detect
molecular absorption in hot Jupiters (Gibson et al., 2011). In the case of HAT-P-12b,
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Planet Teq (K) Rp (RJ ) Mp (MJ ) R? (R) Instrument/Sub-Instrument/Disperser or Detector





























































Table 5.1: Planetary system properties and observations. All data are from the
spectral survey (Sing et al., 2016) except for HST WFC3 data for HAT-P-12b (Line
et al., 2013), WASP-12b (Kreidberg et al., 2015), and WASP-39b (Tsiaras et al.,
2018), the latter three marked by .
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we use HST WFC3 G141 spectra with 23 data points (Line et al., 2013) as compared
with 11 G141 data points in Sing et al. (2016). Different G141 and additional G102
observations were used for WASP-12b (Kreidberg et al., 2015). This was done for
two reasons. First, the Kreidberg et al. (2015) WASP-12b G141 data constitute a
combination of six transits compared with one transit for the data in the spectral
survey of Sing et al. (2016). The Kreidberg et al. (2015) data were also obtained
in spatial scanning mode as opposed to staring mode, allowing for higher-precision
transit depths. Both the increased transit count and spatial-scan observing mode
result in a median precision of 51 parts per million (ppm) on the used data, while
the best precision achieved by Sing et al. (2016) is 100 ppm. Retrieving the higher-
precision data translates into tighter constraints on WASP-12b’s average terminator
H2O abundance. Second, additional data with the G102 grism are also used and
have precisions similar to the G141 grism spectroscopy (Kreidberg et al., 2015). The
additional information content contained in the G102 data between 0.78 and 1.07
µm provides for generally tighter constraints on the retrieved parameters. In the
case of WASP-39b, additional WFC3 G141 data (Tsiaras et al., 2018) are used to
compensate for the lack of near-infrared data in Sing et al. (2016).
The average precisions on the observed spectra span a wide range from high pre-
cisions of ∼30 ppm (HD 209458b G141 data) to low values of ∼400 ppm (WASP-12b
Spitzer photometry). This suite of observations constitutes a baseline sample to study
with retrieval techniques since the datasets have undergone a consonant reduction pro-
cess for systematics (Sing et al., 2016), with the exception of the HAT-P-12b G141
data (Line et al., 2013), WASP-12b G102 and G141 data (Kreidberg et al., 2015),
and WASP-39b G141 data (Tsiaras et al., 2018) included in our work.
5.2.1 Importance of Optical Data
The availability of optical data from HST STIS for the ten planets is essential in their
interpretation, especially in the estimation of H2O abundances. This is because the
interpretation of HST WFC3 data alone introduces a well known ambiguity between
the water abundance XH2O and the reference pressure Pref associated with the plan-
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etary radius (Griffith, 2014; Heng and Kitzmann, 2017). The use of HST STIS data
to infer a reliable constraint on the reference pressure and the water abundance is
illustrated in Figure 5.1. In the retrieval of HST WFC3 data alone the line of ambi-
guity between Pref and XH2O spreads over two orders of magnitude and the inferred
XH2O are mostly contained above 10
−4. The same degeneracy disappears when opti-
cal HST STIS data are included in the retrieval; the joint posterior between Pref and
XH2O shows a well-localised set of solutions with no correlative trend. Moreover, the
XH2O values are constrained three times better and are contained below 10
−4. The
juxtaposition in Figure 5.1 is a clear illustration that the broad ambiguity between
Pref and XH2O that exists for near-infrared WFC3 data alone is reduced through the
use of optical data, in this case HST STIS observations. Optical spectra thus allow
reliable inferences of the H2O abundance.
5.3 Results
In the present study we conduct a homogeneous Bayesian retrieval analysis on ob-
servations of ten hot giant planets (see Table 5.1) to determine statistical estimates
of their atmospheric properties. The ensemble of hot Jupiters includes HAT-P-12b,
WASP-39b, WASP-6b, HD 189733b, HAT-P-1b, HD 209458b, WASP-31b, WASP-
17b, WASP-19b, and WASP-12b. The prior distributions and ranges of the retrieval
model parameters are shown in Table 5.2. The estimated atmospheric properties in-
clude the H2O and other chemical abundances, the temperature profiles, and bulk
cloud/haze properties. We also calculate the detection significances for the chemical
species. Each planet was sampled with about 5 million models, for a total of more
than 60 million model runs. Using our framework, we derive marginalised posterior
probability distributions and statistical estimates for each atmospheric parameter. A
panorama of the retrieved model fits to the observations are shown in Figure 5.2,
while the full set of our retrieval results including the posterior distributions, best-fit
spectra, and p−T profiles are available on the Open Science Framework1 (OSF) and
1https://osf.io/wtqjr/?view_only=8f70b80b5d834f3d8ef8be4ee7b77b27
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WFC3 Data                             STIS + WFC3 Data
Figure 5.1: Demonstration of the use of optical data to precisely determine Pref and
XH2O. HD 209458b is used for illustration. One retrieval (left column) inverts the
HST WFC3 data and another retrieval (right column) includes HST STIS data in
the optical in addition to WFC3 data. The juxtaposition demonstrates that data in
the optical wavelength range break the degeneracy between Pref and XH2O.
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Table 5.2: Prior information used in the retrieval analyses of ten hot giant exoplanets
Parameter Prior Distribution Prior Range
T0 Uniform
400 − Teq + 200 K (for Teq < 1200 K)
800 − Teq + 200 K (for Teq > 1200 K)
α1,2 Uniform 0.02− 1 K−1/2
P1,2 Log-uniform 10
−6 − 102 bar
P3 Log-uniform 10
−2 − 102 bar
Xi Log-uniform 10
−12 − 10−2
a Log-uniform 10−4 − 108
γ Uniform -20− 2
Pcloud Log-uniform 10
−6 − 102 bar
φ̄ Uniform 0− 1
in Appendix Tables C.1−C.3. The properties of each planetary system along with
details of observations used as input to our retrievals are listed in Table 5.1.
Our results are presented as follows. In Section 5.3.1.1, we first discuss the most
constrained parameter given the data: the H2O abundance. We then briefly consider
other chemical species and their abundances in Section 5.3.1.2. Potential trends
between the planetary parameters, H2O abundances, and cloud/haze properties are
explored in Section 5.3.2.
5.3.1 Chemistry
5.3.1.1 H2O Abundances
The water vapour abundances are shown against planetary equilibrium temperature
in Figure 5.3. The reference ‘solar’ H2O, shown by the gold line in Figure 5.3, in-
dicates the H2O abundance as a function of temperature that is expected in hot
Jupiter atmospheres with solar elemental abundances at a pressure of 1 bar (Asplund
et al., 2009; Madhusudhan, 2012). For the majority of hot Jupiters considered in this
work (i.e., those with equilibrium temperatures above ∼1,300 K), H2O is expected
to contain ∼50% of the total available oxygen (Madhusudhan, 2012) such that the
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Figure 5.2: Retrieved model transmission spectra compared to observations for the
ensemble of hot giant exoplanets. The data are shown in green and the retrieved me-
dian model is in dark red with associated 1σ and 2σ confidence contours. The yellow
diamonds are the binned median model at the same resolution as the observations.
The best-fit median model in dark red has been smoothed for clarity. The data are
discussed in Section 5.2 and shown in Table 5.1.
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Figure 5.3: The retrieved H2O volume mixing ratios and their associated 1σ ranges
for the hot Jupiter sample. The planets are consistent with sub-solar H2O abun-
dances within 1σ with the exception of HAT-P-1b. The gold line shows the volume
mixing ratio of water vapour calculated from solar elemental abundances in chemical
equilibrium at 1 bar (Madhusudhan, 2012) and ranges from ∼10−3 at T . 1,200 K
to 5× 10−4 at higher temperatures.
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and log(XH2O) = −3.3. The H2O abundances, the solar-relative abundances, and the
detection significances of water vapour are listed in Table 5.3.
The planets with the most precise observations in the HST WFC3 G141 bandpass
– HD 189733b, HD 209458b, and WASP-12b – have retrieved log(XH2O) abundances
of −5.04+0.46−0.30, −4.66+0.39−0.30, and −3.16+0.66−0.69, respectively. The two hot Jupiters with
the highest quality observations (HD 189733b and HD 209458b) show the most sta-
tistically significant H2O depletion and are consistent with those of previous studies
(Madhusudhan et al., 2014b; Barstow et al., 2017; MacDonald and Madhusudhan,
2017a). The inferred H2O abundance of WASP-12b is consistent to 1σ with that of an-
other study (Kreidberg et al., 2015). HAT-P-1b, WASP-31b, WASP-17b, WASP-19b,
and WASP-12b contain relative abundances of 3.58+5.84−2.60×, 0.218+2.01−0.217×, 0.19+1.32−0.12×,
0.26+2.03−0.24×, 1.40+4.97−1.11× solar which are consistent with super-solar to within 1σ. The
retrieved water abundances for the planets with the lowest equilibrium tempera-
tures, HAT-P-12b and WASP-39b, are −3.91+1.01−1.89 and −4.07+0.72−0.78, corresponding to
0.133+1.226−0.131× and 0.10+0.42−0.08× the solar abundance. The estimated water abundance for
WASP-39b is inconsistent with that of another study (Wakeford et al., 2018) which
used different WFC3 data than in the present work. WASP-6b has the lowest derived
abundance, consistent with a non-detection, owing largely to the lack of WFC3 data.
Finally, we find no clear correlation between the H2O abundance and Teq.
5.3.1.2 Other Species
We also constrain the presence and abundance of alkali absorbers, Na and K, in
addition to H2O. Table 5.4 lists cases which show clear modes in the retrieved posterior
distributions with significances above 2σ. HD 189733b shows a confident detection
of Na corresponding to a significance of 5.01σ (Bayes factor of 4.7× 104) and a sub-
solar value of−7.77+1.64−0.87. We detect potassium in WASP-6b at 2.67σ confidence with a
constrained abundance of −5.53+2.01−1.85, consistent with the solar value. While there is a
clear potassium signature in the spectrum of WASP-31b (see Figure 5.2), the fidelity
of this data point has recently been called into question (Gibson et al., 2018) and










HAT-P-12b −3.91+1.01−1.89 0.133+1.226−0.131 N/A
WASP-39b −4.07+0.72−0.78 0.10+0.42−0.08 7.00σ
WASP-6b −6.91+1.83−2.07 0.000156+0.014−0.000155 N/A
HD 189733b −5.04+0.46−0.30 0.018+0.035−0.009 5.60σ
HAT-P-1b −2.72+0.42−0.56 3.58+5.84−2.60 3.50σ
HD 209458b −4.66+0.39−0.30 0.04+0.06−0.02 7.06σ
WASP-31b −3.97+1.01−2.27 0.218+2.01−0.217 2.05σ
WASP-17b −4.04+0.91−0.42 0.19+1.32−0.12 3.22σ
WASP-19b −3.90+0.95−1.16 0.26+2.03−0.24 2.89σ
WASP-12b −3.16+0.66−0.69 1.40+4.99−1.11 5.73σ
Table 5.3: Terminator H2O abundances, solar-normalised H2O abundances, and H2O
detection significances. The normalised H2O abundances are relative to the solar
values shown by the gold line in Figure 5.3. Detection significances are given for
Bayes factors greater than 2.64 (i.e., 2σ).
Table 5.4: Retrieved atomic species with detection significances above 2σ.
Planet Species Detection Significance Abundance
WASP-39b Na 3.41σ −3.86+1.31−1.36
K 3.62σ −4.22+1.25−1.12
WASP-6b K 2.67σ −5.53+2.01−1.85
HD 189733b Na 5.01σ −7.77+1.64−0.87
HAT-P-1b Na 2.22σ −8.44+1.45−2.12
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the retrieved posteriors for WASP-39b show evidence for CH4 and CO2 and yet may
be due to a possible systematic offset between the HST and Spitzer data. Evidence
of nitrogen chemistry in these planetary spectra was examined in MacDonald and
Madhusudhan (2017b), which found a weak detection of NH3 in WASP-31b (2.2σ)
and potential NH3 in HD 209458b. Finally, we note that the retreived chemical
abundances presented above rely on the assumption of our simplified cloud and haze
model.
5.3.2 Exploring Trends with Planetary Parameters, H2O Abun-
dances, and Cloud/Haze Properties
We have carried out an extensive exploration of potential trends among planetary
parameters, H2O abundances, and cloud/haze properties. We have investigated 35
combinations of pairs and triplets over the parameters Teq, Mp, g, XH2O, φ̄, and Pcloud,
resulting in no clear correlations. However, we present three parameter spaces and
compare with analogous presentations in the literature (Sing et al., 2016; Barstow
et al., 2017; Stevenson, 2016). An extensive comparison with the methodologies and
results of Sing et al. (2016) and Barstow et al. (2017) is presented in Section 5.4.
The terminator cloud/haze fractions (φ̄) versus H2O abundances with Teq as a
third dimension are shown in Figure 5.4. We do not find a clear trend between
φ̄ and XH2O, and the cloud fractions for the planetary sample do not follow the
clear-to-cloudy/hazy trend suggested by Figure 1 of Sing et al. (2016). The median
cloud/haze fractions for WASP-12b and WASP-6b imply fewer aerosols and those for
HD 209458b, WASP-31b, and HAT-P-12b imply more aerosols compared to the order
previously suggested in Sing et al. (2016).2
The derived grey cloud-top pressures (Pcloud) versus Teq are shown in Figure 5.5.
2We note however that this comparison is not fully consistent since the cloud/haze contribution
in Sing et al. (2016) is discerned from the difference between the optical and infrared radii, while in
our study the cloud/haze contribution basically discerns the fraction of the limb-averaged spectrum
best fit simultaneously with a grey flat feature and a non-grey optical feature. In this light, larger
cloud/haze contributions in Sing et al. (2016) represent an abundance of small (. 0.1 µm) haze/cloud
particles and/or species with refractive index extinction properties productive of steep slopes in the
optical wavelength region.
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Figure 5.4: Terminator cloud/haze fractions, H2O abundances, and equilibrium tem-
peratures of the hot Jupiter sample. The dashed gold line represents the solar water
abundance at high temperatures (i.e., 5× 10−4).
HD 189733b and WASP-6b likely have clouds composed of large particles deep in
the atmospheres below ∼10−1 bar. On the other hand, opaque clouds with maxi-
mal cloud-top pressures of 0.1 mbar are found for HAT-P-12b, WASP-39b, HAT-P-
1b, WASP-17b, WASP-19b, and WASP-12b but are relatively unconstrained. HD
209458b and WASP-31b have high-precision constraints of ∼0.5 dex on the cloud-top
pressures and the cloud-tops lie above 1 mbar. Overall, we find no correlation be-
tween Teq and Pcloud. However, planets with low cloud-top pressures below ∼1 mbar
span equilibrium temperatures of 1400 − 1600 K.
Finally, the space of Teq, g, and φ̄ is shown in Figure 5.6. The lack of a clear
correlation among these parameters is unlike previously suggested (Stevenson, 2016).
For the equilibrium temperatures spanned in our work (Teq > 700 K), Stevenson
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(2016) suggested that planets with log(g[cms−2]) greater than 2.8 should be cloud-
free while those with lower values should host a significant cloud/haze fraction. In
contrast, we find no such division, consistent with a conclusion from a recent study
(Barstow et al., 2017) of the spectra in Sing et al. (2016). This difference exists for at
least two reasons. Firstly, some of the G141 observations used in Stevenson (2016) are
different than those we retrieve. Secondly, Stevenson (2016) explains the amplitude
of an H2O feature with reference to clouds alone, assuming no variations over the
H2O abundance. This assumption is too restrictive since a low-amplitude feature
can imply peculiarly low water abundance with minimal cloud coverage and/or high
Pcloud or a high water abundance with a significant cloud fraction and/or low Pcloud.
On the other hand, the relatively clearer atmospheres of WASP-12b, WASP-19b, and
WASP-17b shown in Figure 5.6 support suggestions of hotter (Teq & 1700 K) close-in
planets harbouring less cloudy atmospheres (Liang et al., 2004; Heng, 2016; Tsiaras
et al., 2018).
5.3.2.1 Metallicity and Formation Conditions
The retrieved set of H2O abundances provide initial clues on metal abundances in
the exoplanetary atmospheres. Figure 5.7 shows the space of atmospheric metallic-
ity versus planet mass for the hot Jupiter sample in addition to previously reported
metallicities of WASP-43b (Kreidberg et al., 2014c), HAT-P-26b (Wakeford et al.,
2017), and the solar system gas giants. The atmospheric metallicities are estimated
from molecular species with well-determined abundances since knowledge of the full
inventory of metals is limited by observational capabilities. The atmospheric metal-
licities for the hot Jupiter sample are calculated assuming that half of the oxygen is
in the estimated H2O and the remaining half is in CO, in accordance with chemical
equilibrium expectations for a solar C/O ratio at high temperatures (Madhusudhan,
2012). The atmospheric metallicities of the four solar system gas giants are deter-
mined from the abundance of methane which contains most of the carbon at their
low temperatures (Atreya et al., 2016). The abundance of oxygen in the atmospheres
of solar system planets cannot be incorporated into a metallicity estimate since much
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Figure 5.5: Top pressure of grey clouds versus planetary equilibrium temperature for
the hot Jupiter ensemble.
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Figure 5.6: Cloud/haze fractions φ̄ as a function of Teq and planetary gravity.
The marker size is inversely proportional with the retrieved 1σ confidence on the
cloud/haze fraction, such that more precise constraints are represented with larger
circles.
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of it is condensed in deep-lying water clouds.
We emphasize that there are limitations to the illustration in Figure 5.7 due to the
different molecules used to represent the metallicities as well as using one molecular
species as a metallicity descriptor. In principle, a high C/O ratio (e.g., C/O∼1) can
lead to significantly sub-solar H2O. Therefore, the low H2O abundances would indicate
either a low metallicity and/or a high C/O ratio (Madhusudhan et al., 2014b). The
metallicity proxy for solar system planets shows a decreasing trend with increasing
planetary mass. The sub-solar hot Jupiter metallicities suggest a weak trend that is
different from that of the solar system gas giants.
The inferred oxygen abundances provide initial clues into the formation and mi-
gration scenarios of these hot Jupiters when considering the metallicities of their host
stars. The host stars of the majority of these hot Jupiters have O/H abundances in
excess of the solar value (Teske et al., 2014; Brewer et al., 2017).3 This implies that
the O/H ratios in the majority of the planetary atmospheres are sub-stellar as well as
being sub-solar. Hot Jupiter atmospheres are expected to possess super-stellar oxygen
abundances if they are formed through core-accretion followed by migration within
the disk (Madhusudhan et al., 2014a; Mordasini et al., 2016), as also suggested for
Jupiter based on its super-solar abundances in several elements (Owen et al., 1999;
Atreya and Wong, 2005; Mousis et al., 2012).
On the other hand, the generally sub-solar and sub-stellar oxygen abundances
found in these atmospheric spectra suggest a general scenario in which the hot Jupiters
form far from their stars with efficient gas accretion and relatively inefficient solid
planetesimal accretion (Madhusudhan et al., 2014b, 2016a) since the gaseous O/H
abundance is low in outer regions of protoplanetary disks due to successive conden-
sation fronts of O-rich species (Öberg et al., 2011). Subsequent impulse inwards
through gravitational interactions with other bodies in the system by disk-free mi-
gration may have brought many of these hot Jupiters to their present locations (Rasio
and Ford, 1996). Such disk-free migration could lead to low oxygen abundances ir-
3Brewer et al. (2017) measured super-solar O/H ratios for HD 189733, HD 209458, WASP-31,
WASP-17, WASP-19, and WASP-12, and Teske et al. (2014) measured a super-solar O/H ratio for
HAT-P-1. The O/H ratios of HAT-P-12, WASP-39, and WASP-6 have not been determined.
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Figure 5.7: Atmospheric metal abundances as a function of planetary mass for the
hot Jupiter ensemble. The planets in the current study are shown in blue, along with
WASP-43b (Kreidberg et al., 2014c) and HAT-P-26b (Wakeford et al., 2017) from
previous studies shown in green. The solar system giant planets are shown in red. The
solar metallicity reference is shown by the horizontal gold line. WASP-6b is excluded
due to lack of WFC3 observations. The exoplanetary atmosphere metallicities M/H
of the giant exoplanets in our sample are derived from the H2O volume mixing ratio,
such that M represents O, and assuming that half of the oxygen is in H2O as expected
for a solar C/O ratio at high temperatures (Madhusudhan, 2012). The metallicities
of solar system planets are derived from the CH4 abundances, such that M represents
C.
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respective of formation mechanisms, either core-accretion or gravitational instability
(Madhusudhan et al., 2014a). Alternatively, it has been suggested that hot Jupiters
with sub-solar oxygen abundances may form through pebble accretion and migrate
inward with or without the disk but without significant erosion of the core (Mad-
husudhan et al., 2017; Booth et al., 2017). In all, disk-free migration is suggested to
be of considerable importance for such planets. The suggested importance of disk-free
migration implied from the general trend of low oxygen abundances is consistent with
proposals in other studies of the prevalence of disk-free migration based on dynamical
properties of hot Jupiters and their environments (e.g., Brucalassi et al., 2016; Nelson
et al., 2017).
5.4 Comparison to Previous Studies
Here we compare our work with two previous studies: the spectral survey of Sing
et al. (2016) that first reported the ten hot Jupiter observations and Barstow et al.
(2017) that conducted initial retrievals on those datasets. The differences between
our work and these previous studies lie in both the modeling and retrieval approaches,
as well as the results. At the outset, the key aspect of our present work is the ability
to derive statistical constraints (i.e., estimates with non-Gaussian error bars), along
with full posterior distributions, for all the atmospheric parameters concerned. This
allows one to pursue comparative exoplanetology for a sizeable exoplanet sample. We
note that our retrieval forward model has also been validated against results from
radiative transfer codes of other groups (Fortney et al., 2010; Deming et al., 2013;
Line et al., 2013; Heng and Marley, 2017), with which we find good agreement.
The differences in H2O abundances and cloud/haze properties between our find-
ings and those of Sing et al. (2016) can be attributed to several crucial factors. Firstly,
the conclusions of the latter study were reached through a comparison of the data
with chemical equilibrium models of hot Jupiter atmospheres computed over a pre-
determined grid in metallicity and temperature4, as opposed to a full retrieval as in
4In these models, the abundances of the considered chemical species are determined by minimizing
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the present study. Given the limited number of models in the grid and the equilib-
rium assumption, it was not possible to explore the model space adequately (e.g.,
there was no exploration of cloudy/hazy models with sub-solar water abundances
(see their Figure 3)) nor could the atmospheric properties be estimated statistically.
This meant that it was necessary to invoke empirical metrics to qualitatively assess
the contributions of the H2O abundance and clouds/hazes in the atmospheres. For
example, the amplitude of the H2O feature at ∼1.4 µm was suggested to correlate
with the difference between the planetary radius in the optical and infrared (Sing
et al., 2016). However, this correlation was based on cloudy/hazy models which as-
sumed solar and super-solar H2O abundances, without an exploration of cloudy/hazy
atmospheres with sub-solar water abundances as well as sub-solar cloudy/hazy opac-
ities (see their Figure 3). As such, their conclusions were unable to reflect the full
range of possible solutions, as confirmed in a follow-up study by Barstow et al. (2017)
(discussed below) which found predominantly sub-solar H2O solutions. Our study
instead uses a comprehensive retrieval of all the datasets using a Bayesian nested
sampling approach, enabling a detailed exploration of the entire multi-dimensional
space of atmospheric parameters. We thereby assume no a priori values for the H2O
abundances and cloud/haze properties.
There are also several differences between our study and that of Barstow et al.
(2017). The differences are of three kinds: model parameterisations, statistical sam-
pling algorithms, and reported estimates. Here we discuss each of these in turn.
There are several important differences in the model parameterisations. The main
aspect of the Barstow et al. (2017) study is that it is effectively a grid-based retrieval,
in the sense that a separate retrieval is conducted for each assumption of a cloud
prescription. Importantly, the study treats two kinds of cloud models separately: a
model with Rayleigh-like slopes (i.e., our hazes) and one with grey opacity (i.e., our
clouds). On the other hand, our cloud/haze model simultaneously accounts for small
and large particle sizes (see equation (4.9) in Chapter 4). An important distinction
the Gibbs free energy of the system for a given temperature, pressure, and elemental abundances
using the CONDOR code (Lodders and Fegley, 2002).
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also lies in the aerosol parameterisation. Our study includes a grey cloud overlain
by a haze such that both types of aerosols are retrieved for a planet, although the
retrieved parameters could indicate no hazes (i.e., a = 1 and γ = −4) and/or no
grey clouds (i.e., Pcloud & 10 bar). On the other hand, Barstow et al. (2017) allows
for the presence of a vertically-finite cloud or haze deck at variable locations in the
atmosphere. In some cases (e.g., HD 189733b) where our study retrieves a deep cloud
layer with an extensive overlying haze layer, Barstow et al. (2017) retrieve a decade-
confined haze layer at low pressures. These two different interpretations, however,
produce similar fits to the spectrum.
An additional crucial difference in the aerosol models is that the present study
accounts for inhomogeneous clouds and hazes along the planetary limb. The inclusion
of patchy clouds is important since the shape of the H2O feature in the WFC3 band-
pass is sensitive to the degree of cloud contribution (e.g., see Line and Parmentier,
2016). These differences in modeling are likely another principal element responsible
for discrepancies in the cloud and haze properties between the present work and that
of Barstow et al. (2017). Second, Barstow et al. (2017) assumes an isotherm for the
observable region of the atmosphere (i.e., pressures below 0.1 bar) whereas we allow a
fully general temperature profile that allows for any temperature gradient. Third, the
cloud properties and temperature profiles in Barstow et al. (2017) were pre-defined
on a grid, whereas the atmospheric parameters in our study are sampled continuously
over the entire parameter space.
There are also important differences in the statistical inference methods. Barstow
et al. (2017) uses an optimal estimation (OE) sampler (Rodgers, 2000; Lee et al.,
2012) whereas our analysis uses a Bayesian nested sampling algorithm, MultiNest
(Skilling, 2006; Feroz et al., 2013; Buchner et al., 2014). First, while OE has been
shown to be accurate for very high resolution data, its accuracy has been shown to be
limited for low resolution spectrophotometry (Line et al., 2013) as is relevant in the
present case. On the other hand, the MultiNest Bayesian analysis approach has
been shown to be more accurate for the quality of hot Jupiter data considered here
since it is able to explore parameter spaces with multi-modal solutions (Feroz and
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Hobson, 2008; Feroz et al., 2013). Second, the OE sampler in Barstow et al. (2017)
requires assuming Gaussian-distributed priors on the model parameters whereas no
such assumption is required in the present Bayesian approach. This is significant since
the retrieved parameter posteriors in our study indeed show mostly non-Gaussian
distributions. Third, given the efficiency of our modeling and retrieval approach a
much larger volume of the high-dimensional model parameter space is explored for
each planet (i.e., ∼5,000,000 models) while the approach in Barstow et al. (2017) was
limited to 3,600 model evaluations per planet.
Finally, there are important differences regarding the nature of reported parameter
estimates. First, Barstow et al. (2017) does not provide statistical estimates on
the abundances and other atmospheric properties but instead provides parameter
values of a select set of model fits to the data based on chi-square values below a
certain threshold. On the other hand, our analysis provides statistical limits, along
with full posteriors, for all the atmospheric parameters through a consideration of
all model evaluations. Hence, our estimated median values and 1σ uncertainties are
obtained through marginalization over the full posteriors. Second, the cloud/haze
properties and temperatures profiles in Barstow et al. (2017) were pre-defined on a
grid and hence joint constraints on these properties and chemistry are not possible.
Our approach allows for complete marginalization over all parameters and hence
provides joint statistical correlations between all atmospheric parameters, thereby
enabling a more extensive illumination of the atmospheres.
The considerations above naturally lead to differences between our results and
those of the Barstow et al. (2017) study, particularly on the nature of clouds/hazes.
Barstow et al. (2017) find three planets – WASP-39b, HD 209458b, and WASP-31b
– are best fit by grey opacity clouds with top pressures of 10−5 bar, 0.01 bar, and
0.1 bar, respectively. Figure 5.5 shows the retrieved median cloud-top pressures for
HD 209458b and WASP-31b are smaller by ∼2 dex, whereas the cloud-top pressure
for WASP-39b is larger by ∼4 dex. A comparison with other planets in the sample
is not possible since the cloud-top pressures in Barstow et al. (2017) are quoted for
pure Rayleigh clouds (i.e., only for particles of small sizes).
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In addition, a trend is suggested in the analysis of Barstow et al. (2017) such that
planets with equilibrium temperatures spanning 1300 K to 1700 K possess grey clouds
that are confined deep in their atmospheres below ∼10 mbar. On the other hand,
our analysis finds that HAT-P-1b (Teq = 1320 K), HD 209458b (Teq = 1450 K), and
WASP-31b (Teq = 1580 K) are consistent with high-altitude grey cloud-top pressures
(see Figure 5.5). WASP-17b and WASP-12b, with equilibrium temperatures above
1700 K, have also been suggested to have small-particle aerosols at high atmospheric
altitudes (Barstow et al., 2017). We find that a model without hazes or clouds
composed of small particles provides statistically comparable fits to the spectra of
WASP-17b and WASP-12b, and is therefore suggestive of weak evidence for small-
particle aerosols in their atmospheres.
The discussion above illustrates there are differences in the retrieved cloud prop-
erties between our analysis and that of Barstow et al. (2017) which may be attributed
to the different approaches of cloud/haze modelling. In spite of these differences, we
emphasize that the estimated water abundances in the hot Jupiter atmospheres are
generally in good agreement and show a trend towards sub-solar values. Planets for
which similar WFC3 data are used (HD 189733b, HD 209458b, WASP-31b, WASP-
17b, and WASP-19b) illustrate that the H2O abundances can be robust to different
aerosol treatments in retrieval studies.
Beyond the key advancements in the modelling approach, the Bayesian inference
method, and the results, the major contribution of our work is to provide detailed
statistical estimates of important atmospheric properties for a sizable sample of hot
Jupiters. All in all, these estimates will prove invaluable for comparative planetology,
across both exoplanetary and solar system giant planets and for understanding their
formation pathways.
5.5 Summary
We have carried out a comprehensive atmospheric study of transmission spectra of
ten hot giant exoplanets contained in Sing et al. (2016). Through a homogeneous
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Bayesian retrieval analysis of the planetary spectra, we determine statistically ro-
bust estimates of various atmospheric parameters including the H2O abundances,
cloud/haze properties, other chemical abundances, and the temperature structures.
In particular, we find that all the planetary atmospheres are consistent in harbouring
sub-solar H2O abundances within 1σ with the exception of HAT-P-1b. This is consis-
tent with results from previous retrieval studies (Madhusudhan et al., 2014b; Barstow
et al., 2017). The planets with the most precise observations in the HST WFC3 G141
bandpass – HD 189733b, HD 209458b, and WASP-12b – are constrained to have H2O
abundances of 0.018+0.035−0.009×, 0.04+0.06−0.02×, and 1.40+4.97−1.11× solar, respectively. We find
a continuum over cloud and haze contributions as suggested in recent studies (Sing
et al., 2016; Barstow et al., 2017), although the details are different than suggested
therein.
The lack of a clear correlation among various properties of the atmospheres and
macroscopic properties of the planets may imply a unique and detailed evolutionary
history for each giant exoplanet and/or point to the simplicity of the underlying at-
mospheric retrieval model. Nevertheless, in light of the host stars’ solar or super-solar
O/H metallicities and the generally sub-solar O/H abundances, the majority of the
hot giant exoplanets are suggested to form beyond the H2O ice-line with subsequent
dynamical interaction and disk-free migration to their present environments.
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Chapter 6
Retrieving the Stellar and
Planetary Influence on a
Transmission Spectrum
6.1 A Changing Stellar Radius
The retrieval model in Chapter 5 assumes one value for the radius of the star when
calculating the transmission spectrum of each planet. By the Stefan-Boltzmann equa-
tion, a constant stellar radius corresponds to one stellar temperature for a given bolo-
metric luminosity (i.e., one stellar spectrum). Therefore the retrieval model assumes
the star has a homogeneous photosphere characterised by one spectrum. However,
stellar photospheres are in reality not perfectly homogeneous. The disk of a star can
be made of differential areas each with a unique spectrum that can differ from one
representative average spectrum (Chapman, 1987; Shapiro et al., 2014).
Active regions of the stellar surface, in the form of cool spots and hot faculae, are
among the primary features of stars responsible for heterogeneity of the photosphere
and variability in a star’s brightness over time. Such features on active stars may
induce significant modifications to an otherwise pristine planetary transmission spec-
trum and hence also the retrieved atmospheric properties (Pont et al., 2013; Oshagh
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et al., 2014; McCullough et al., 2014; Barstow et al., 2015; Rackham et al., 2017).
For example, the slope of a transmission spectrum in the visible wavelength region is
usually interpreted as due to extinction from hazes and/or clouds that are composed
of small particles, but such slopes can also be caused by cool star spots which are
unocculted by the transiting planet. Consequently, the steep optical slope of HD
189733b’s transmission spectrum has been interpreted as opacity from haze particles
in the planetary atmosphere (Pont et al., 2013) as well as possible contamination from
activity features in the photosphere of its variable host star, either unocculted star
spots (McCullough et al., 2014) or occulted stellar plages (i.e., bright chromospheric
regions, Oshagh et al., 2014).
On the other hand, hot faculae and plages, when not occulted by the transit-
ing planet, decrease the observed optical transit spectrum due to an increasing stel-
lar radius at shorter wavelengths. The optical transmission spectrum of GJ 1214b,
which displays a significant decline towards shorter wavelengths and shallower tran-
sit depths than observed in the near-infrared (Kreidberg et al., 2014b), has recently
suggested a heterogeneous stellar photosphere dominated by hot faculae (Rackham
et al., 2017). Unocculted faculae have also been suggested to affect the transmission
spectrum of GJ 1132b, which displays a significant decrease in transit depth at optical
wavelengths (Dittmann et al., 2017) and, like GJ 1214b, orbits a mid-M dwarf star
(Berta-Thompson et al., 2015). The various effects caused by active stars conveys
the importance for a method capable of differentiating properties of the planetary
atmosphere and heterogeneous stellar photosphere from an observed spectrum.
In this chapter we present a new retrieval framework, Aura, that enables simulta-
neous inference of exoplanetary and stellar properties from a transmission spectrum.
In addition to the usual properties explored for exoplanetary atmospheres (i.e., chem-
ical abundances, clouds/hazes, and temperature structures), we incorporate a model
that accounts for an active stellar photosphere into the transmission retrieval method
outlined in Chapter 4. The stellar photosphere model allows inferences on the fraction
of the stellar disk that is covered by heterogeneity features, their average tempera-
ture, and the temperature of the stellar photosphere. Our retrieval method ushers
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in the first instance of a simultaneous inference of stellar and planetary properties in
the literature. The retrieval method is an adapted version of the retrieval method
in Gandhi and Madhusudhan (2018). We have made several adaptations including
the creation of a model to calculate the transfer of radiation in the primary eclipse
geometry as well as the integration of a stellar heterogeneity model which has been
developed separately by Rackham et al. (2017).
Our work is presented as follows. In Section 6.2 we detail the stellar heterogeneity
model that is incorporated into the transmission retrieval method described in Chap-
ter 4. We then apply our new method to nine hot giant exoplanets in Section 6.3 to
determine the significance of stellar heterogeneity and clouds/hazes in their observed
transmission spectra. Limitations of our approach and future model considerations
are discussed in Section 6.4. We discuss future observing prospects and summarise
in Section 6.5. The published form of this work is presented in Pinhas et al. (2018).
6.2 Model of Heterogeneous Stellar Photospheres
The photospheres of stars display heterogeneity in the form of magnetic active regions.
Beyond observations of the Sun, the most straightforward evidence for this comes from
observed periodic brightness variations (e.g., McQuillan et al., 2014; Newton et al.,
2016), which correspond to active regions rotating into and out of the projected stel-
lar disk. The types of stellar activity we consider here are cool spots and hot faculae,
respectively dimmer and brighter areas of a star that evolve on timescales of days
to weeks (see Hathaway, 2015, and references therein). A model for heterogeneous
stellar photospheres (Rackham et al., 2017) is combined with the transmission re-
trieval method outlined in Chapter 4 to study the stellar and planetary nature of
transmission spectra.
We use the Composite Photosphere and Atmospheric Transmission (CPAT) model
to account for inhomogeneities in the stellar photosphere (Rackham et al., 2017).
This model was developed previously and used to interpret the optical transmission
spectrum of GJ 1214b (Rackham et al., 2017). The model divides the stellar surface
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into two components, called the ‘unocculted’ and ‘occulted’ components, defined so by
the region of the star occulted by the planet during transit. The occulted component
of the stellar disk has an average spectral energy distribution So(λ) and contains
the planetary transit chord. The unocculted component accounts for heterogeneity
features (cool spots and/or hot faculae) outside of the transit chord in aggregate
and has an average spectral energy distribution Su(λ). A schematic of the model is
shown in Figure 6.1. We use PHOENIX atmospheric models (Husser et al., 2013) to
construct the two spectral components of the star. The spectral energy distributions
are interpolated from the grid of PHOENIX models through specification of three
stellar parameters: the photospheric temperature, the stellar metallicity, and the
stellar gravity. Here we fix the stellar metallicity and gravity to literature values for
each host star and parameterise the two spectral components by the temperature.
The family of PHOENIX stellar models are limited to effective temperatures
of ∼2300 K and hence we have incorporated the DRIFT-PHOENIX grid of atmo-
spheric models (Witte et al., 2011) which allows consideration of lower temperatures
to 1,000 K. While both model grids are based on the PHOENIX stellar atmosphere
code (Hauschildt and Baron, 1999), the DRIFT-PHOENIX models include additional
physics applicable to cooler atmospheres, including the growth and settling of dust
grains (Woitke and Helling, 2003, 2004; Helling and Woitke, 2006; Helling et al.,
2008a,b; Witte et al., 2009). While the host stars considered in this work have effec-
tive temperatures above 4,500 K, DRIFT-PHOENIX can be used to study present
and future transmission spectra of planets orbiting cooler active stars.




































Figure 6.1: The Aura retrieval method explores the transmission spectrum that is
produced by the combination of the exoplanetary atmosphere and the stellar pho-
tosphere. In the stellar heterogeneity model, the stellar photosphere consists of two
components with different spectra: an occulted component that includes the transit
path of the exoplanet and another unocculted component that contains cool spots
and/or hot faculae.
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Here, δ is the areal fraction of the projected stellar disk covered with heterogeneities
(cool spots and/or hot faculae), Su(λ) is the representative spectrum of the het-
erogeneities, and So(λ) is the spectrum of the occulted stellar surface and which
we assume to be the immaculate photosphere. Equation (6.1) can be understood
plainly. The first term on the right is the ‘pristine’ transit spectrum which alone
considers effects from the planetary atmosphere (i.e., equation (4.10)). The second
is a perturbative term that incorporates heterogeneity of the stellar disk and is the
‘contamination spectrum’ Ehet. The observed spectrum is the product of these two
terms. In the case of cool spots, Figure 6.2 shows that Su/So decreases with bluer
wavelengths. This causes a decrease in the apparent radius of the star R? and thereby
increases the observed transit depth ∆obs. On the other hand, hot faculae increase
Su/So with bluer wavelengths, thereby increasing the apparent radius of the star and
decreasing ∆obs. We note that both cool spots and hot faculae may be present si-
multaneously in the unocculted component of the stellar disk and thus both affect
the transmission spectrum. However, as shown in the right panel of Figure 6.2, these
features produce opposing effects on the transmission spectrum, and in practice, one
effect will dominate the observed spectrum. In this light, δ broadly represents the
relative overabundance of the dominant heterogeneity in the unocculted portion of
the disk. Nevertheless, it is important to emphasise that equation (6.1) can be easily
expanded to incorporate effects from spots and faculae separately as is expressed in
equation (3) of Rackham et al. (2018a).
Figure 6.3 shows the effects of the three stellar parameters (δ, Thet, and Tphot)
on transmission spectra. Stellar heterogeneity is most pronounced in the 0.2 − 1.0
µm spectral range. An increase in the heterogeneity covering fraction δ amplifies
the ratio of spectral energy distributions, Su/So, and therefore increasingly portrays
the fine spectral details from the two stellar components. For a covering fraction
dominated by cool spots, an increased δ amounts to a decreased apparent stellar radius
and leads to increased transit depths. The increase in transit depth is not uniform,
with the visible spectral range affected much more than the near- and mid-infrared
ranges. In addition, an increase in the heterogeneity temperature Thet modifies the fine
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Figure 6.2: Spectral influence of stellar heterogeneity features. Left panel: Spectral
radiances of a hot facula, the photosphere, and a cool spot. It is clear that Su/So
increases (decreases) for a hot facula (cool spot) with bluer wavelengths. The spec-
trum of the photosphere was produced assuming properties of HAT-P-1 and adding
(subtracting) 300 K for the hot facula (cool spot) spectrum. Right panel: Stellar
contamination spectrum Ehet. A cool spot (hot facula) displays an increase (decrease)
in the contamination spectrum (and hence ultimately the observed spectrum) with
smaller wavelengths. In both cases a covering fraction of ten percent is assumed.
spectral features apparent in the spectrum and is representative of different stellar
types, as seen in the middle panel of Figure 6.3. For Thet greater than Tphot, the
optical spectrum curves downward due to an increasing Su/So with bluer wavelengths,
increasing the apparent radius of the star. As shown in the bottom panel, increasing
the representative photospheric temperature Tphot dampens spectral features peculiar
to the unocculted component and results in higher transit depths throughout the
whole spectral range.
6.3 Application to Transmission Observations
We use our retrieval framework, Aura, to study the stellar and planetary properties
in the spectra of nine hot giant exoplanets. We apply our joint retrieval method to the
ensemble of planets presented in Sing et al. (2016) with the exception of HD 189733b.
We do not analyse HD 189733b since a transmission spectrum that is uncorrected
for potential imprints of stellar heterogeneity is not available. Specifically, we fo-
cus on determining whether the transmission spectra demonstrate imprints of stellar
heterogeneity and clouds/hazes in the planetary atmosphere, with these information
deriving especially from the 0.3− 1.0 µm range.
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Figure 6.3: Effects of stellar properties on observed transmission spectra. The upper,
middle, and bottom panels illustrate variations in the covering fraction, heterogeneity
temperature, and photospheric temperature, respectively. Lighter colours represent
larger values in the considered parameters. The transmission spectra are calculated
according to equation (6.1) for underlying properties representative of HAT-P-1b.
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Retrieval of the transmission spectra requires that the data have not been pro-
cessed or corrected for stellar activity features. Therefore, we first outline the pre-
corrected data used as inputs to Aura. We then present our retrieval analyses on
these pre-corrected observations to illuminate the relative significance of stellar het-
erogeneity and clouds/hazes in the ensemble of hot Jupiter spectra.
6.3.1 Data Uncorrected for Stellar Heterogeneity
A portion of the hot Jupiter transmission observations presented in Sing et al. (2016)
have been processed and corrected for unocculted and occulted stellar heterogeneity
features. We therefore remove any applied heterogeneity corrections to the spectra
before a retrieval application is carried out on the ensemble. Table 6.1 lists the data
components as well as system properties for each planet. In what follows, we briefly
describe the pre-processed data used for the planets.
6.3.1.1 WASP-19b
The uncorrected transmission spectrum of WASP-19b in the optical is obtained by
reversing the correction to the four HST STIS data points as detailed by Huitson
et al. (2013). We note that Sing et al. (2016) present two more data points in the
blue wavelength region that are not present in the optical data of Huitson et al. (2013).
However, sufficient information is not present in Sing et al. (2016) to determine the
applied corrections to these points. We therefore do not use these two additional data
and consider only the optical observations from Huitson et al. (2013). In addition
to these optical data, we use HST WFC3 G141 observations and two Spitzer data
presented in Sing et al. (2016), to which no stellar correction was applied.
6.3.1.2 WASP-6b
To produce the WASP-6b transit spectrum uncorrected for heterogeneity of its star,
we start with the data presented in Nikolov et al. (2015) and subtract the additional
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Sing et al. (2016)




Sing et al. (2016)




Tsiaras et al. (2018)
Sing et al. (2016)




Line et al. (2013)
Sing et al. (2016)




Sing et al. (2016)




Kreidberg et al. (2015)
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Sing et al. (2016)
Table 6.1: Planetary system properties and observations. Columns two to four list
properties of the stellar host. The disk-integrated chromospheric Ca II log R
′
HK index
is proportional to the ratio of the flux in the Ca II H and K line cores and the flux in
the nearby continuum (see Noyes et al., 1984) and correlates with the photospheric
activity level (Lockwood et al., 2007). The observations used for each planet and and
which are uncorrected for stellar activity effects are shown in the fifth column, with
relevant references for the uncorrected data in the last column. Planetary equilibrium
temperatures and radii are listed in Table 5.1 of Chapter 5.
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∼220 ppm smaller, in agreement with the change described in Nikolov et al. (2015).
This change is significant for most wavelength bins, representing a ∼40% reduction
in the error on the measurement.
6.3.1.3 Other Hot Jupiters
The transmission spectra for the remaining seven planets experienced no corrections.
Therefore we use the data as presented in Sing et al. (2016) for HD 209458b, HAT-
P-1b, WASP-39b, HAT-P-12b, WASP-31b, WASP-12b, and WASP-17b. Additional
HST WFC3 data for WASP-39b (Tsiaras et al., 2018), HAT-P-12b (Line et al., 2013),
and WASP-12b (Kreidberg et al., 2015) complement the data from Sing et al. (2016).
6.3.2 Retrieval of Uncorrected Data
We conduct five independent retrievals for each planet to examine the roles of stellar
heterogeneity and clouds/hazes contained in the spectral ensemble. The roles of
stellar heterogeneity and clouds/hazes in the hot Jupiter spectra are summarised in
Table 6.2. Appendix Table D.1 provides the detailed statistical results for the five
retrieval types used to arrive at the conclusions in Table 6.2 for each planet. The full
retrieval results including posterior distributions, spectral fits, and p− T profiles are
available on the Open Science Framework1 (OSF). Representative spectral fits for the
planetary ensemble are displayed in Figure 6.4. All retrieval types include parameters
of the p − T profile and mixing ratios of eight molecules and alkali metals and are
distinct as follows:
1. Heterogeneity + Molecules + Clouds/Hazes (hereafter, HMch): Three
stellar parameters, eight molecular and elemental abundances, and four cloud
and haze parameters (grey and non-grey opacities, respectively).
2. Heterogeneity + Molecules + Clouds (hereafter, HMc): Three stellar
parameters, eight molecular and elemental abundances, and two cloud param-
eters (grey opacity only). This model excludes non-grey opacity from hazes.
1https://osf.io/6gwtm/?view_only=46c6e5ece1264da598dc461948873055
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Group Planet Stellar Heterogeneity Clouds/Hazes
WASP-6b Strong Weak - Substantial
I
WASP-39b Substantial Weak - Strong
HD 209458b Weak Substantial - Very Strong
II
HAT-P-12b Weak Weak (against) - Very Strong
HAT-P-1b Weak (against) Weak (against) - Substantial
III
WASP-31b Weak (against) Weak
WASP-19b Substantial (against) Weak - Substantial
WASP-17b Substantial (against) Weak (against)IV
WASP-12b Substantial (against) Weak (against) - Weak
Table 6.2: Roles of stellar heterogeneity and clouds/hazes in the spectral ensemble.
The qualitative descriptions in the two categories are based on the Bayes factor results
listed in Appendix Table D.1 and the Bayes factor nomenclature scale of Kass and
Raftery (1995). Instances of ‘(against)’ following the qualitative descriptions signify
that the category is not favoured to the degree of the description. Thus, for example,
the spectrum of WASP-31b is best interpreted through a weak suggestion against stel-
lar heterogeneity and weak evidence for hazes and/or clouds. The results for WASP-
6b represent the full set of data. In summary, four groups of planets are distinguished
through the role in which stellar heterogeneity and clouds/hazes explain their spectra.
Group I is best characterised by imprints of stellar heterogeneity and clouds/hazes.
Group II comprises HD 209458b and HAT-P-12b and shows weak evidence for stellar
heterogeneity but beyond substantial suggestions of clouds and/or hazes. HAT-P-1b
and WASP-31b constitute Group III and show weak evidence against stellar hetero-
geneity but weak to substantial indications of clouds and/or hazes. The fourth group
– WASP-19b, WASP-17b, and WASP-12b – can be explained best without stellar
heterogeneity and weak to no evidence for clouds/hazes.
3. Heterogeneity + Molecules (hereafter, HM): Three stellar parameters
and eight molecular and elemental abundances. This model excludes haze and
cloud opacities.
4. Molecules + Clouds/Hazes (hereafter, Mch): Eight molecular and ele-
mental abundances and four cloud and haze parameters (both non-grey and
grey opacities). This model excludes stellar heterogeneity.
5. Molecules (hereafter, M): Eight molecular and elemental abundances. This
model excludes both stellar heterogeneity and clouds/hazes.
The retrieval analyses reveal four groups of planets distinguished through the
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Figure 6.4: Retrieved model transmission spectra compared to observations for the
ensemble of hot Jupiters. The data are shown in green and the retrieved median
model is in dark red with associated 1σ and 2σ confidence contours. The yellow
diamonds are the binned median model at the same resolution as the observations.
Model type HMch is shown for WASP-6b, WASP-39b, and HD 209458b; model type
HMc is shown for HAT-P-12b; model type Mch is shown for HAT-P-1b, WASP-31b,
and WASP-19b; and model type M is shown for WASP-17b and WASP-12b.
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role in which stellar heterogeneity and clouds/hazes explain the spectra. This is
summarised in Table 6.2. The first group comprises WASP-39b and WASP-6b. Their
spectra are best characterised by imprints of stellar heterogeneity and clouds and/or
hazes. HD 209458b and HAT-P-12b comprise the second group for which there is high
importance of hazes and/or clouds and weak evidence for stellar heterogeneity. The
third group constitutes HAT-P-1b and WASP-31b and shows weak evidence against
stellar heterogeneity but weak to substantial indications of clouds and/or hazes. The
fourth group – WASP-19b, WASP-17b, and WASP-12b – are fit best by alkali and
molecular absorbers with H2 scattering without stellar heterogeneity and weak to no
evidence for clouds/hazes. Here we discuss the detailed role of stellar heterogeneity
and clouds/hazes for the planets in each group.
6.3.2.1 Group I: Stellar Heterogeneity + Clouds/Hazes
Table 6.2 shows the spectra of WASP-6b and WASP-39b are best explained in light of
stellar heterogeneity as well as clouds and hazes. The full observations of WASP-6b
show the greatest suggestion for stellar heterogeneity imprints among the planetary
sample. The significance of stellar heterogeneity in the spectrum is 3.13σ through a
comparison of the evidences for HMch and Mch model types. The Bayes factor of
HMch to HMc models is 1.22 (1.37σ), indicating weak evidence for hazes in addition
to stellar heterogeneity. The combined evidence for hazes and clouds is 2.48σ (Bayes
factor of 6.48) and is thus substantial. Therefore stellar heterogeneity and planetary
hazes/clouds are complementary in best interpreting the full spectrum.
The retrieved results of the HMch model suggest an active star with a cover-
ing fraction of 12.1+2.2−1.9%. This substantial active area is dominated by cool spots
with temperatures of 4556+242−213 K, indicating large temperature contrasts of ∼800 K
between the photosphere (∼5375 K) and regions of unocculted cool spots.2 This
2It is here appropriate to gauge the reasonableness of the retrieved heterogeneity temperatures
and coverage fractions with values obtained from Doppler Imaging measurements (Vogt and Penrod,
1983; Donati et al., 1997). In reality starspots are composed of cool penumbrae and still cooler
umbrae, but our model essentially describes such spots with one temperature and therefore amounts
to averaging over the umbral and penumbral temperatures as well as their individual temperature
ranges. The retrieved heterogeneity temperatures in the present study have uncertainties of ∼200 K,
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evidence for widespread unocculted cool spots is intriguing as photometric monitor-
ing suggests that the flux of the star does not vary by more than 1% in V band
(Nikolov et al., 2015). However, photometric monitoring places only a lower limit
on the heterogeneity, as longitudinally symmetric active regions do not contribute to
the observed variability (Rackham et al., 2018a). Furthermore, the Ca II H and K
stellar activity index for WASP-6, log R′HK = −4.741, which is higher than all in this
sample except WASP-19, points to a high level of chromospheric activity, which in
turn correlates to higher photospheric activity (Lockwood et al., 2007).
To investigate the influence of the Spitzer data on the above suggestions, we
have carried out another set of five retrievals which includes one of each model type
described above but with the Spitzer data excluded. In this case, a heterogeneity
explanation is not statistically strong since the Bayes factor of HMch to Mch models
is 1.28 (1.43σ). Moreover, the STIS data indicate weak evidence against hazes (Bayes
factor of 0.89). The existence of grey opacity clouds is favoured in both scenarios given
the increase in significances between HMc and HM models. In all, it is clear that a
definitive (non)detection of heterogeneity from the transmission spectrum of WASP-
6b will need to await future high quality observations, specifically high-resolution and
high-precision observations in the 0.3 − 1.0 µm range where heterogeneity effects are
most pronounced. Observations in the HST WFC3 bandpass could also detail the
degree to which molecular absorption features from the planetary atmosphere are
muted by the presence of clouds/hazes or enhanced by cool star spots.
The full observations of WASP-39b show a second suggestion of stellar heterogene-
ity imprinted in a transmission spectrum. The Bayes factor of HMch to Mch models is
6.26, indicative of a substantial heterogeneity signal at 2.47σ. The retrieved covering
fraction of heterogeneity features is 10.3+5.9−3.7%. The coverage area is dominated by
while the temperature variations of umbra and penumbra inferred from Doppler Imaging of stars are
∼200-300 K (e.g., Strassmeier, 1999; Berdyugina, 2005; Rosén and Kochukhov, 2012; Kővári et al.,
2013; Hackman et al., 2018). Stellar surfaces may also contain faculae, and being brighter, may
be better detected in atomic lines and should provide smaller inferred uncertainties than for spots.
Taken together, these points suggest that the retrieved temperature uncertainties are reasonable
given the model assumptions and typical measured values. The retrieved spot covering fractions are
also consistent with determined precisions of spot filling factors from Doppler Imaging (e.g., Petit
et al., 2004).
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cool spots with temperatures of 4936+240−309 K and photospheric temperature contrasts
of ∼500 K. The general presence of clouds and hazes is evident at 4.22σ (Bayes factor
of 1430) and the spectral component arising from hazes is suggested to be weak at
1.45σ (Bayes factor of 1.30).
6.3.2.2 Group II: Weak Stellar Heterogeneity + Clouds/Hazes
Table 6.2 shows the spectra of HD 209458b and HAT-P-12b are best explained in light
of hazes and/or clouds with weak evidence for stellar heterogeneity. HD 209458b
and HAT-P-12b display slender hints of heterogeneity considering Bayes factors of
1.44 and 1.20 (respectively, 1.55σ and 1.35σ) between HMch and Mch models. The
retrieved covering fraction of heterogeneity features for HD 209458 (HAT-P-12) is
3+2−1% (18
+3
−2%). Cool spots with temperatures of 4167
+119
−157 K dominate the coverage
area for HAT-P-12, giving a photosphere-spot temperature contrast of ∼500 K. On
the other hand, the spots on HD 209458 have retrieved temperatures of ∼3500 K
and/or ∼5700 K. Spot temperatures between 4900 and 5500 K have been inferred for
HD 209458 based on spot crossing events in observed lightcurves (Silva, 2003), albeit
this conclusion is for data from 2001 for which the stellar activity (and therefore its
signatures) is different than in the data analysed here. No focused analysis of HD
209458 spot temperatures has been attempted in recent times as HD 209458 is a
relatively quiet star.
The general presence of clouds and hazes in HD 209458b is evident at 5.34σ (Bayes
factor of 2.4×105) and the spectral component arising from hazes is suggested to be
substantial at 2.14σ (Bayes factor of 3.31). In the case of HAT-P-12b, a Bayesian
interpretation weakly favours a model without hazes since the Bayes factor of HMch
to HMc models is 0.92 but illustrates a very strong suggestion for clouds at more than
6σ.
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6.3.2.3 Group III: Weak Evidence Against Stellar Heterogeneity + Weak
to No Clouds/Hazes
Table 6.2 shows the spectra of HAT-P-1b and WASP-31b are best explained through a
weak suggestion against stellar heterogeneity and weak to no evidence for clouds/hazes.
HAT-P-1b and WASP-31b constitute spectral interpretations with a weak suggestion
against a heterogeneity component since the Bayes factors of HMch to Mch models
are below one. The Bayes factors in Appendix Table D.1 imply the importance of
clouds over hazes in the spectrum of HAT-P-1b, while hazes are weakly favoured in
WASP-31b.
6.3.2.4 Group IV: Substantial Evidence Against Stellar Heterogeneity +
Weak to No Clouds/Hazes
Table 6.2 shows the spectra of three planets – WASP-19b, WASP-17b, and WASP-
12b – are best explained through substantial evidence against stellar heterogeneity
and weak or no evidence for cloud/haze coverage. In the case of WASP-19b, the
model with the largest Bayesian evidence is Mch, such that stellar heterogeneity is
not substantially preferred. Clouds and hazes are suggested to a weak degree through
comparison of models HMc and HM with HMch. On the other hand, features in the
spectra of WASP-17b and WASP-12b are sufficiently explained through molecular
and alkali absorption as well as H2 Rayleigh scattering (i.e., model type M). We
emphasise that although the finding of relatively clear atmospheres for WASP-12b,
WASP-19b, and WASP-17b are consistent with suggestions of hotter (Teq & 1700
K) close-in planets having less cloudy atmospheres (e.g., Heng, 2016), it would be
prudent to test these results using a detailed physical cloud model (e.g., using a 3D
formalism similar to Helling et al., 2019).
The result for WASP-19b is surprising as WASP-19 displays the highest stellar
activity index of the host stars in the current sample (see Table 6.1), suggesting a
high level of chromospheric activity. Corresponding photospheric activity has been
observed in the form of V-band rotational variability (Huitson et al., 2013) and spot-
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crossing events during transit (Mancini et al., 2013; Huitson et al., 2013; Sedaghati
et al., 2017). However, the stellar contribution to transmission spectra depends on
a variety of parameters, including active region temperature contrasts, covering frac-
tions, and locations within the projected stellar disk at the time of the observation.
Nevertheless, we have explored whether the unexpected lack of evidence for stellar
contamination for WASP-19b is a result of the two-component stellar heterogeneity
model of equation (6.1) which assumes the prominence of either cool spots or hot
faculae. We have conducted two additional retrievals that use a modified model that
treats spots and faculae as separate components following equation (3) of Rackham
et al. (2018a). The two retrievals are made available on the OSF1 under ‘WASP-
19b/Three-component photosphere’.
In the case of the HMch model with spots and faculae treated independently, we
find that the Bayes factor of Mch to HMch models is above 3. This lack of evidence
for heterogeneity is also supported by the fact that the retrieved covering fractions of
faculae and spots in the HMch model are consistent with zero. Clouds and hazes are
suggested at 2.5σ (Bayes factor of 6.75) by comparing the HMch and HM models and
the cloud/haze properties are also not significantly different than those of the two-
component heterogeneity model. The results from a three-component heterogeneity
model validate the suggestion that the WASP-19b data show a lack of evidence for
stellar heterogeneity.
The case of WASP-19b illustrates that the relationship between stellar activity
and contamination of transmission spectra might not correlate in all cases. Still,
given that WASP-19b possesses the least constraining optical spectrum of the cur-
rent sample, consisting of only four points between 0.5 and 1.0 µm, higher-resolution
optical observations uncorrected for stellar effects can elucidate this relationship fur-
ther. We emphasize that the suggestion against stellar heterogeneity for WASP-19b
might be driven by the low data quality of the available spectrum in addition to
multiple limiting facets discussed in the next section.
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6.4 Atmospheric-Photospheric Retrieval: Limita-
tions and Future Steps
Our joint retrieval methodology and its first applications provide a novel insight into
how stellar contamination can affect some of the published transmission spectra. It
also shows encouraging results in disentangling stellar contamination from genuine
planetary signatures. Here we explore several assumptions and limitations of our
methodology as well as constructive future developments in joint retrievals for better
elucidation of stellar and exoplanetary properties.
6.4.1 Model Components: Hazes and Starspots
Our Bayesian approach is based on the assumptions that the model components
used are complete (i.e., no significant component is missing) and correct (i.e., the
models and its components rightly capture the key properties of the real system).
Although our retrieval model components and therefore these underlying assumptions
are supported by state-of-the-art knowledge on exoplanets and stars and are also
widely used (e.g., Lockwood et al., 2007; Line et al., 2013; Jackson and Jeffries, 2013;
Moses, 2014; Waldmann et al., 2015b; Kreidberg et al., 2015; Line and Parmentier,
2016; Apai et al., 2018a; Rackham et al., 2018b), it is important to point out that they
are still assumptions. It is thus prudent to briefly review the uncertainties implicit to
our assumptions and, especially, place them in the context of stellar contamination,
which is explored in this study.
It is important to recognise that we do not have a complete and correct model for
stellar contamination yet: the spatial distribution of temperature/spectral variations
across stellar disks and its temporal evolution as a function of stellar parameters is
very poorly understood (for recent summaries see Rackham et al. 2018a and Apai
et al. 2018b). For now, we do not have a good handle on basic parameters such as
starspot covering fractions and typical temperature distributions of spots and faculae
in stars other than the Sun.
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The stellar contamination model chosen in this study is state-of-the-art (Lock-
wood et al., 2007; Jackson and Jeffries, 2013; Apai et al., 2018a; Rackham et al.,
2018b); nevertheless, the spectral components that we use for the heterogeneities are
simply stellar photospheric model spectra, not starspot/facular spectra (e.g., Norris
et al., 2017). Observational efforts are being made to study the spatial distribu-
tion and properties of stellar magnetic activity (e.g., Metcalfe et al., 2013; Haywood
et al., 2014; Mengel et al., 2017; Giles et al., 2017; Fares et al., 2017; Şenavci et al.,
2018), but no such endeavors have been made simultaneously during periods in which
exoplanetary spectra were taken. Future efforts should be directed to gain contem-
poraneous stellar magnetic activity measurements. This will allow testing our stellar
heterogeneity model component on the starspot/facular properties, thereby allowing
better interpretation of the spectral contribution from the planetary atmospheres.
The limitations of our model for stellar contamination are especially significant
due to its potential to resemble hazes, which have been invoked in exoplanetary at-
mospheres and also included in our models. We note that these unidentified particles
are represented by featureless spectra, where the extinction coefficient of the assumed
particles is free to vary by four or more orders of magnitude relative to that of H2
scattering. As the putative haze particles do not have any other detectable features
in the optical, their existence is only inferred from residual spectral slopes that are
not otherwise explained by planetary atmosphere models.
However, as recognized in the literature (McCullough et al., 2014; Rackham et al.,
2017) and also shown by our results (see Table 6.2), some transit spectra can be
better reproduced by stellar contamination as well. The distinction of hazes and
stellar contamination on the basis of the Bayesian evidence is necessarily based on the
assumption that we have complete and correct models for both: future efforts should
focus on testing and verifying these assumptions, as hazes and stellar contamination
can have degenerate spectral signatures.
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6.4.2 Stellar Variability
Our methodology represents an important step forward in disentangling stellar con-
tamination and genuine planetary features but still only focuses on the transmission
spectra. It does not yet incorporate the evidence provided by focused stellar variabil-
ity observations. Stellar heterogeneity can be, to some level, constrained by stellar
variability measurements (e.g., Sing et al., 2011; Aigrain et al., 2012; Zellem et al.,
2017) and by absorption and emission line measurements (e.g., Boisse et al., 2009).
It is important to note that neither these nor other methods yet allow precise mea-
surements of spot/facular covering fractions or temperature distributions over the
stellar disk; variability measurements can only place a lower limit on these parame-
ters (Jackson and Jeffries, 2013; Rackham et al., 2018a).
Perhaps the most important information provided by stellar activity indicators
is that stellar disks are heterogeneous and that stellar contamination, to some level,
must occur. Therefore, in principle, uniform priors on the models (as in the present
work) should not be assumed, though the weight that should be assigned to models
is challenging to quantify in practice. Future studies should attempt to integrate an
improved understanding of an individual stellar disk’s heterogeneity (spatial distri-
bution of regions with unique temperatures/spectra) through priors informed by the
combined knowledge from spectroscopic and photometric activity indicators.
6.4.3 Multi-epoch Observations
Due to the limited wavelength range of any single spectrograph or imager, most exo-
planetary transmission spectra have been obtained with multiple instruments and at
multiple epochs, often separated by months or years. Stellar heterogeneity, however,
varies in time. Therefore, the stellar contamination imprinted in a spectrum can vary
between epochs. By necessity our study has analysed the planetary spectra as if the
observations occurred in a single epoch. A multi-epoch study is currently beyond
the information content of the available datasets; nevertheless, future observations
should ensure that data are collected in a fashion that facilitates retrieval of multi-
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epoch data. Stellar contamination, if significant, will be time-variable. Assuming an
average, representative contamination (as in our study) will likely not be satisfactory
for objects where some datasets have been collected at times of greater stellar activity.
6.4.4 Analysis Restricted to Lower-activity Stars
It is important to note that our current analysis excludes exoplanets for which
the most significant stellar contamination is expected. Some published high-quality
datasets could not be included since stellar activity corrections were so significant
that the data could not be reasonably ‘un-corrected’.
A good example for this limitation is HD 189733b for which HST datasets using
multiple STIS, ACS, and WFC3 modes have been published, representing data col-
lected over 22 different epochs (Pont et al., 2013; Sing et al., 2016). The host star
HD 189733 is clearly active: significant photometric variations at the 3% level have
been observed between different epochs (Sing et al., 2011).
Pont et al. (2013) and subsequent studies of these HD 189733b data are based
on a stellar contamination correction that applies a multiplicative and wavelength-
dependent correction to each dataset. The correction is derived from an estimated
starspot covering fraction (determined for each epoch) and a starspot temperature
(constant in time, and derived on the basis of a single starspot occultation by HD
189733b). Although the Pont et al. (2013) study certainly represented a state-of-the-
art analysis, the stellar correction method used was based on optimistic assumptions
and had several significant limitations, some of which were also acknowledged in that
work (see their Section 3.3).
As assumptions similar to those in Pont et al. (2013) are often used in the liter-
ature to combine multi-epoch data, it is instructive to review their limitations here.
First, the systematic uncertainties introduced by the starspot corrections are not in
all cases analyzed fully or folded into the uncertainties on the data. Second, the
corrections optimistically assume the lowest possible starspot covering fraction and
stellar contamination, because the starspot areal covering fractions are derived from
photometric variability assuming a linear relation between the amplitude of photo-
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metric variation and the spot covering fraction. However, this linear relation is valid
only in the most optimistic cases, a finding later quantified independently for gen-
eral cases by Jackson and Jeffries (2013) and Rackham et al. (2018a). Third, the
stellar contamination correction applied by Pont et al. (2013) is constrained by spot-
crossing events collected for very large spots. It is very likely that due to strong
observational selection biases, very large spots are not representative of the size pop-
ulation of starspots/faculae that exist on HD 189733 and other stars. Fourth, no
photometric data existed for some of the epochs in which data were taken and Pont
et al. (2013) were forced to interpolate spot covering fractions between neighboring
epochs, which is unlikely to provide a correct value. Finally, Pont et al. (2013) use a
common assumption that planetary transmission spectra must be continuous across
different instruments and applies an offset to ensure this. However, this step, intended
to compensate for stellar brightness variations, does not account for the color terms
intrinsic to the stellar heterogeneity.
The HD 189733b data – used in a significant number of follow-up studies – effec-
tively demonstrate the challenges in correcting for stellar contamination in moderately
active stars and highlight potentially unreliable assumptions in the corrections that
are introducing poorly understood and possibly significant systematic errors in such
datasets.
In all, our study did not include data from significantly active stars whose stellar
luminosities have changed by more than a few per cent between epochs. Our sample
of planets therefore does not represent the full range of stellar contamination that
should be expected in transmission spectra.
6.4.5 Future Observing Prospects
The substantial and yet indefinite suggestions of stellar heterogeneity in the spectra
of WASP-6b and WASP-39b offer observational strategies to increase the significance
of inferred stellar heterogeneity effects and planetary properties with our retrieval
methodology. While the effects of stellar heterogeneity can be significant at wave-
lengths as long as 2 µm (see Figure 6.3), they are most pronounced between 0.3 and
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1 µm and observations should thus focus on this spectral range to probe the activity
of stellar photospheres. The corollary is that observations in the infrared essentially
ascertain atmospheric properties of the exoplanet alone.
Joint studies of exoplanetary atmosphere compositions and heterogeneous stellar
photospheres would benefit from precision observations in the Na and K absorption
bands achievable with multiple HST orbits using the STIS 430L and STIS 750L
grisms. Cool spots can masquerade as Na and K absorption features for a vari-
ety of stellar temperatures, metallicities, and gravities (Rackham et al., 2018b). In
such cases and for observations of limited precisions (i.e., . 100 ppm), degener-
ate explanations arise between Na and K abundances and stellar activity influence.
Higher-precision observations in the Na and K bands can break this degeneracy, in
turn enabling more precise estimates of heterogeneity covering fractions, alkali abun-
dances, and haze properties. In addition, joint inferences will also benefit from high-
resolution, broadband observations in the 0.3 to 1.0 µm window. This aspiration
is already achievable through intelligent use of the VLT FORS2 spectrograph (e.g.,
Sedaghati et al., 2017). Such finely-sampled observations can serve as a microscope
into the heterogeneous coverage fraction since δ amplifies features of the spot/faculae
spectra (see Figure 6.3, upper panel). The positive correlation between the coverage
fraction and heterogeneity temperature seen in Figure 6.3 would also mean better
constraints on the heterogeneity temperature with such VLT observations.
The JWST can also contribute much to the joint retrieval of stellar and exoplan-
etary properties. The multi-wavelength capabilities facilitated by JWST can help
separate stellar and planetary spectral imprints as the contrast between heteroge-
neous features and the pristine stellar photosphere decreases with longer wavelengths
as shown in Figure 6.2. Thus, for example, spectra across 5 to 28 µm obtained with
observing modes of the MIRI instrument will essentially reflect properties of the exo-
planetary atmosphere alone. Simultaneous study of stellar and exoplanetary proper-
ties will also be possible. The time-series observing mode of the NIRCam instrument
will permit stellar activity monitoring in the 0.6 to 5.0 µm range. The amplitude
of time-series photometry can reveal lower limits on heterogeneous covering fractions
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(Rackham et al., 2018a) which can in turn be used as retrieval constraints using
spectroscopy in the 0.6 to 5.0 µm range from NIRISS and NIRSpec spectroscopy.
6.5 Summary
The four groups of planets identified in Table 6.2 are approximately arranged by
increasing chromospheric activity index (log R′HK), as seen by a comparison of Tables
6.1 and 6.2. The evident exceptions to this arrangement are WASP-19b and WASP-
39b. Highly active stars (i.e., WASP-6) are found in the first group with evidence
for stellar heterogeneity while low activity stars (i.e., WASP-12 and WASP-17) settle
into the fourth group with substantial evidence against heterogeneity. The remaining
planets (excepting WASP-19b and WASP-39b) are essentially ordered into the second
and third groups, with weak evidence for or against heterogeneity. The observational
consequences of this rough ordering of planets based on log R′HK is noteworthy, for
it suggests that the popular chromospheric activity indicator offers some predictive
power as to whether an exoplanet transmission spectrum will be affected by stellar
heterogeneity.
In summary, we have presented a new retrieval methodology, Aura, that enables
simultaneous inference of the properties of exoplanetary atmospheres and their host
stars in the transiting configuration. The developed framework permits the inference
of general inhomogeneous properties of the star including the stellar disk fraction
covered by heterogeneity features, the average temperature of the heterogeneous frac-
tion, and the temperature of the stellar photosphere. Jointly with the three stellar
properties, the methodology permits the retrieval of a host of exoplanet atmosphere
properties including the chemical compositions and abundances, attributes of clouds
and hazes, and the temperature profiles throughout the atmosphere. Our method-
ology is the first joint retrieval framework suited for the extraction of properties of
exoplanetary atmospheres and their host stars. As such it sets a precedence for more
detailed analysis techniques of exoplanets and their stars in the future.
We have applied our methodology to the transmission spectra of a sample of hot
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giant exoplanets to ascertain the influence of stellar heterogeneity and clouds/hazes
in their spectra. The analysis distinguishes four groups of planets defined by the
components needed to best explain their spectra. These four groups are illustrated in
Table 6.2. In the first case, we find that the spectra of WASP-6b and WASP-39b are
best fit with stellar heterogeneity as well as hazes and/or clouds. In the second case,
there is marginal evidence for stellar heterogeneity effects and beyond substantial
evidence for hazes and/or clouds in the spectra of HD 209458b and HAT-P-12b. The
third group constitutes HAT-P-1b and WASP-31b and shows weak evidence against
stellar heterogeneity but weak to substantial indications of clouds/hazes. In the fourth
group three planets – WASP-19b, WASP-17b, and WASP-12b – are fit best by alkali
and molecular absorbers with H2 scattering without stellar heterogeneity and weak
to no evidence of cloud/haze coverage. We therefore emphasize that the suggestion
against heterogeneity for WASP-19b is potentially due to the low data quality of the
spectrum, and thus future studies of WASP-19b may suggest differently.
We note that joint retrievals of the stellar photosphere and exoplanetary atmo-
sphere rely on the assumptions that the model components are reasonably correct
and reasonably complete. Presently, however, even state-of-the-art models for stellar
heterogeneity are based on very limited knowledge; furthermore, the hypothesized
haze particles can provide similar spectral signatures in the optical and the retrieved
results depend on the included chemical species. Future efforts must be aimed to-
wards collecting better data as well as enhancing the model components to break the
degeneracy between stellar contamination and possible atmospheric aerosols.
Ultimately, upcoming observatories will provide improved spectral resolutions and
precisions useful for more definite and detailed joint analyses of transmission spectra.
The simultaneous information on stellar and planetary properties facilitated through
Aura can serve as a helpful tool in the analysis of present high-precision spectra and
future high fidelity observations from the JWST and powerful ground-based facilities.
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Chapter 7
Retrieving the Spectra of the
Directly-Imaged HR 8799
Companions
Direct imaging refers to the detection of an exoplanet or brown dwarf as a point
source of light through the object’s own thermal emission. The first detection via
direct imaging was of a massive, wide-orbit brown dwarf in 1995 (Nakajima et al.,
1995). The NASA Exoplanet Archive (Exoplanetarchive.ipac.caltech.edu, 2019) lists
44 direct-imaging discoveries to date including a quadruple of companions around
HR 8799 (Marois et al., 2008, 2010), Fomalhaut b (Kalas et al., 2008), β Pictoris b
(Lagrange et al., 2009), 51 Eri b (Macintosh et al., 2015), and the LkCa 15 system
composed of two planets which are still in the stages of formation (Sallum et al.,
2015). Of these, the HR 8799 system is exceptionally unique.
HR 8799 is the first system with multiple companions to be imaged directly.
Coronographic observations of the HR 8799 system were initially made with the Keck
and Gemini North telescopes and revealed the presence of three massive objects at
projected separations of 24, 38, and 68 AU (named HR 8799d, HR 8799c, and HR
8799b, respectively; Marois et al., 2008). Over the next two years, further observations
with the Keck telescopes revealed a fourth companion object interior to the first three
at a projected separation of 15 AU (named HR 8799e; Marois et al., 2010). These four
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companions were subsequently confirmed with the Large Binocular Telescope (LBT)
at 1.6 and 3.3 µm (Skemer et al., 2012). The architecture of the HR 8799 system is
analogous to the outer configuration of our solar system. Observations have revealed
the presence of two disks of warm (T∼150 K) and cold (T∼45 K) material bounding
the inner and outer companions (Su et al., 2009; Marois et al., 2010), respectively,
in an arrangement similar to the asteroid belt, giant planets, and Kuiper belt in our
solar system.
Spectrophotometry of directly-imaged objects offers a way to characterise their
atmospheres. At present there are various state-of-the-art instruments capable of
obtaining thermal emission spectra of imaged planets and brown dwarfs including
the Spectro-Polarimetric High-contrast Exoplanet REsearch (SPHERE) at the VLT,
the Gemini Planet Imager (GPI) at Gemini South, and OH-Suppressing Infra-Red
Imaging Spectrograph (OSIRIS) at Keck. While the number of objects discovered
through direct imaging is fewer than for transiting systems, the spectra of imaged
objects can be of higher resolutions and precisions owing to the use of large-aperture
ground-based facilities (e.g., Konopacky et al., 2013).
These spectra have traditionally been studied through evolutionary models (e.g.,
Burrows et al., 1997; Baraffe et al., 2003). Theoretical evolutionary tracks use the
infrared bolometric luminosity of an imaged object along with an age estimate of
its star to estimate its mass. This mass estimate can then be used in self-consistent
atmospheric models over a coarse grid in parameter space to estimate the radius
and other atmospheric properties from χ2 model fits (e.g., Bonnefoy et al., 2016).
Nevertheless, several issues limit the characterisation of imaged systems with such
models. The models are limited to exploring a high-dimensional parameter space
over a coarse grid. In addition, the majority of studies do not account for processes
of non-equilibrium chemistry and assume chemical equilibrium for solar elemental
abundances (e.g., Madhusudhan et al., 2011a; Baudino et al., 2015), even though
advective quenching of molecular species that leads to departures from equilibrium
chemistry has been emphasized for imaged objects (e.g., Bowler et al., 2010; Hinz
et al., 2010; Janson et al., 2013; Zahnle and Marley, 2014). Finally, the masses are
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sensitive to the assumed age of the system, and stellar chronology is in many cases
challenging (Soderblom, 2010). For example, Marois et al. (2008) estimated the age
of the HR 8799 companions to be 30 − 160 Myr based on four indirect arguments,
placing their masses between 5 − 13 MJ and below the nominal deuterium-burning
limit distinguishing planets from brown dwarfs. On the other hand, Moya et al. (2010)
carried out an astroseismological investigation of HR 8799, suggesting the possibility
of ages up to 1 Gyr for the HR 8799 companions and implying brown dwarf masses
rather than planetary masses. The limitations of conventional modelling outlined
above can therefore be benefited by a complimentary retrieval technique.
Already, the generally higher resolutions and/or precisions of directly-imaged spec-
tra make it possible to obtain detections of chemical species using atmospheric re-
trieval methods. For example, clear detections of H2O have been made in the atmo-
spheres of the giant planet κ Andromedae b (Todorov et al., 2016), the four HR 8799
companions (Lavie et al., 2017), and numerous brown dwarfs (Burningham et al.,
2017; Madhusudhan et al., 2017; Line et al., 2017). Evidence for CO has been found
in HR 8799b and HR 8799b (Lavie et al., 2017), and several detections of NH3 and
CH4 have been made in various brown dwarf classes (Madhusudhan et al., 2017; Line
et al., 2017).
On the other hand, retrievals of imaged objects are more challenging than for
transiting planets due to several more unknown parameters and degeneracies. The
planetary radius and mass as well as the distance to the imaged object are usually not
known a priori and therefore must be included as free parameters in direct-imaging
retrievals. In addition, the mass and radius of an object are degenerate with the
chemical abundances of species such as H2O and CH4 (see Section 7.2.3).
Here we apply the direct-imaging retrieval method described in Chapter 4 to the
emission spectra of four companion objects in the iconic HR 8799 system. We describe
the atmospheric observations in Section 7.1. Sections 7.2.1 through 7.2.3 present a
range of results including the retrieved molecular abundances, atomic abundances of
O and C, and macroscopic properties of the four HR 8799 companions. The evident
challenges in retrievals of directly-imaged spectra are discussed in Section 7.3. We
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summarise and provide a future outlook in Section 7.4. We emphasise that this study
has not been published and is still a work in progress.
7.1 Observations
Bonnefoy et al. (2016) presented a comprehensive catalogue of previous spectroscopic
and photometric observations of the HR 8799 companions sourced from ten literature
studies. We use this eclectic set of ground-based data to retrieve the atmospheric
properties of the four companions. We do not provide a detailed description of the
data components here but use the spectro-photometric observations as in Figure 4 of
Bonnefoy et al. (2016) with the exception of Project 1640 near-infrared spectroscopy
for HR 8799c. The Project 1640 data are excluded since its spectral bandpass con-
tains strong water vapour bands for which telluric absorption could not be reliably
calibrated (Pueyo et al., 2015). We refer the reader to Tables 1− 4 and Section 2 of
Bonnefoy et al. (2016) for the tabulated photometric observations and details on the
spectroscopy, respectively.
7.2 Results
We retrieve the atmospheric properties of the four HR 8799 companions. We re-
port estimates of a select set of molecular abundances, the temperature structures,
the macroscopic parameters, and the derived abundances of O and C. The retrieved
spectra and temperature structures of the companions are shown in Figure 7.1. The
full retrieval results including spectral fits, p−T profiles, and parameter posteriors are
made available on the Open Science Framework1 (OSF). The Bayesian model com-
parison and estimated parameter statistics are provided in Appendix Tables E.1−E.5.
Table 7.1 shows the prior information used for the retrievals, where the prior on the




















































































































































MNRAS 0, 1–1 (2017)Figure 7.1: Retrieved model spectra compared to observations of the HR 8799 com-
panion objects. The data are shown in green and the retrieved median models are in
dark red with associated 1σ and 2σ confidence contours. The yellow diamonds are the
binned median model at the same resolution as the data. The median model spectra
have been smoothed for clarity. To the right are the retrieved median temperature
structures in dark red with 1σ and 2σ contours of confidence.
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Parameter Prior Distribution Prior Range
T0 Uniform 400− 2000 K
α1,2 Uniform 0.02− 1 K−1/2
P1,2 Log-uniform 10
−6 − 102 bar
P3 Log-uniform 10
−2 − 102 bar
Xi Log-uniform 10
−14 − 1
Robj Uniform 0.5− 2.0 RJ
d Gaussian 40.39± 1 pc
Mobj Log-uniform 1− 80 MJ
Table 7.1: Retrieval prior information used for spectrophotometry of the HR 8799
companions.
Given the generally low signal-to-noise ratios of the data (i.e., less than 10) we
find that the abundance estimates are somewhat dependent on the assumed wave-
length resolution of the model, specifically in regions containing medium-resolution
spectroscopic data (R ≈ 250). We found that 5,000 wavelength points in these
spectroscopic regions provides a nominal value in that estimated parameters do not
change significantly for higher resolutions. Thus the retrieval models were run with
5,000 wavelengths in the spectroscopic regions for all four HR 8799 companions in
Figure 7.1. The isothermal upper atmospheres in Figure 7.1 agree with expectations
for atmospheres heated from within at τ . 1 (see equation (9.42) of Seager (2010)).
However, the isothermal structures at high pressures are inconsistent with expecta-
tions from self-consistent models (e.g., see Figure 3 of Gandhi and Madhusudhan
(2017)) and are an issue which we are currently investigating.
7.2.1 Molecular Abundances
The atmospheric observations of the HR 8799 companions indicate several molecu-
lar compositions. The retrieved posterior probability distributions of the molecular
abundances are shown in Figure 7.2.
Water vapour is detected at high confidence in the atmospheres of all four com-
panions. The significances of these detections are 23.8σ (HR 8799b), 7.30σ (HR
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8799c), 5.82σ (HR 8799d), and 8.36σ (HR 8799e). The corresponding retrieved
log(XH2O) abundances from the outer (HR 8799b) to inner (HR 8799e) compan-
ions are −2.08+0.30−0.22, −2.67+0.32−0.29, −2.09+0.39−0.31, and −1.43+1.03−1.02. The second most com-
mon detected molecule is CO. HR 8799b and HR 8799c show strong evidence of CO
with statistical significance levels of 12.48σ and 3.34σ and log(XCO) abundances of
−0.68+0.31−0.24 and −2.43+0.44−0.40, respectively. There is weak evidence of CO in HR 8799d
(2σ) with a mixing ratio of −2.82+1.42−6.91 and a ‘tail’ that extends to low concentrations.
There is no suggestion of CO for HR 8799e since it has no flux measurements in the K
band and 4.5 µm where CO has prominent band-heads. Hence, the lack of evidence
for CO in HR 8799e may change in light of available data in these spectral regions.
The atmosphere of HR 8799b potentially hosts CH4 (at 2.78σ) with a Gaussian
constraint on the abundance of −3.74+0.33−0.30. On the other hand, Bayes factors from
model comparisons suggest weak to no evidence for methane in the other atmospheres.
There are marginal suggestions of CO2 in HR 8799b, HR 8799c, and HR 8799d. The
potential presence of nitrogen chemistry is not evident except for a weak signature of
NH3 at −4.5 dex for HR 8799b. The tails in the distributions of the above molecules
arise from the low precisions of the data. We emphasise that though the signatures
H2O are clear in all four atmospheres, their exact abundances can be considered
preliminary as they depend on an object’s radius and mass (see Section 7.2.3 for
further discussion).
7.2.2 Elemental Abundances
The abundances of O and C in the four companion atmospheres – and hence the C/O
ratios – can be derived from the retrieved molecular mixing ratios. Comparing these
to those of the host star HR 8799 can also provide insights into possible formation
scenarios. HR 8799 is a member of the λ Bootis stellar class (Gray and Kaye, 1999;
Paunzen et al., 2002; Baines et al., 2012) characterised by solar abundances of C,
N, and O. Indeed, Sadakane (2006) determined the O and C metallicities of HR
8799 and found they are consistent with solar-composition values. We thus take the
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Figure 7.2: Retrieved molecular abundances of the HR 8799 companions. Each panel
presents estimated abundances of one molecule across the four atmospheres. The
points and errors represent the median abundance and 1σ ranges.
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Figure 7.3: Derived posterior distributions of O/H, C/H, and C/O ratios for the HR
8799 companions. The points and error bars represent the median values and 1σ
ranges, respectively. Vertical dashed lines show values of the host star for reference.
such that C/O = 0.55.
The retrieved C/H, O/H, and C/O ratios of the companions are shown in Figure
7.3. The atmospheric C/O ratios are obtained from the amount of C and O present




XCH4 +XCO +XCO2 +XHCN
XH2O +XCO + 2XCO2
, (7.1)
and assumes that the considered molecules are the main C and O carriers in the




XH2O +XCO + 2XCO2





XCH4 +XCO +XCO2 +XHCN
2XH2 + 2XH2O + 4XCH4 +XHCN + 3XNH3
. (7.3)
Figure 7.3 shows the companion atmospheres are highly super-solar in oxygen.
The derived O/H values are−0.79+0.45−0.28 (HR 8799b), −2.46+0.40−0.36 (HR 8799c), −2.24+0.82−0.38
(HR 8799d), and −1.66+1.00−1.02 (HR 8799e), which compared to solar-composition abun-
dances correspond to 331+602−157×, 7+11−4 ×, 12+66−7 ×, and 45+401−41 × solar. These super-solar
oxygen abundances arise from high H2O concentrations in the companion atmospheres
(all &5× solar) in addition to abundant CO in HR 8799b and HR 8799c. On the
other hand, the carbon abundances are consistent with a wide range from ∼500×
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super-solar to very depleted values. The atmospheres of HR 8799b and HR 8799c
harbour super-stellar C/H of −0.81+0.45−0.29 (574+1043−280 × solar) and −2.66+0.44−0.40 (8+16−5 × so-
lar), respectively. HR 8799d and HR 8799e are consistent to 1σ with sub-stellar and
super-stellar C metallicities with values of −3.05+1.45−6.90 and −6.98+3.83−4.20, respectively.
However, the C/H value for HR 8799e is likely unrepresentative of its actual metal-
licity given the lack of data in the K band and at 4.5 µm, regions host to prominent
CH4 and CO band heads. The super-stellar O/H and varied C/H in the atmospheres
provide for C/O ratios spanning the range from 0 to 1. HR 8799b and HR 8799c have
super-stellar C/O ratios whereas the innermost companions favour depleted C/O ra-
tios. However, the estimated C/O values for HR 8799e may again be unrepresentative
of the real composition due to the lack of K band spectroscopy and photometry at
4.5 µm.
7.2.2.1 Formation Conditions
In general, atmospheric metallicities of O and C as well as C/O ratios have the
potential to provide information on possible formation environments and conditions
(e.g., Öberg et al., 2011; Helling et al., 2014; Madhusudhan et al., 2014b; Piso et al.,
2016; Cridland et al., 2016; Mordasini et al., 2016; Ilee et al., 2017; Booth et al., 2017;
Madhusudhan et al., 2017; Ali-Dib, 2017; Lammer and Blanc, 2018; Pudritz et al.,
2018). Figure 7.4 shows the space of atmospheric metallicity versus object mass for
the four HR 8799 companions in addition to previous metallicity determinations for
an ensemble of ten hot giant exoplanets (Chapter 5), WASP-18b (Sheppard et al.,
2017), WASP-43b (Kreidberg et al., 2014c), HAT-P-26b (Wakeford et al., 2017), and
the solar system gas giants. The C/H trend in the solar system, where C metallicities
decrease with increasing object mass, does not hold for the C/H of the three outer
companions assuming retrieved median masses.
The super-stellar O metallicities of the companions suggest a trend different than
that of C abundances in the solar system giants. The addition of the HR 8799
system suggests that more massive giant planets may accrete higher amounts of O-

























































































































































Figure 7.4: Atmospheric metal abundances as a function of object mass. Red (green)
constraints indicate C/H (O/H) abundances. C/H values of solar system giant planets
and three outer HR 8799 companions are shown in red. O/H values are shown for the
four HR 8799 companions as well as an ensemble of hot giant exoplanets (Chapter
5), WASP-18b (Sheppard et al., 2017), WASP-43b (Kreidberg et al., 2014c), and
HAT-P-26b (Wakeford et al., 2017). The masses of the four companions in green are
the median O/H estimates from the retrievals. The olive points represent the O/H
estimates but for planetary masses assuming 60 Myr (Marois et al., 2008, 2010). The
O/H and C/H metallicities of the HR 8799 objects are derived from the full set of
retrieved molecules (H2O, CH4, CO, CO2, HCN, and NH3) through equations (7.2)
and (7.3), whereas the O/H metallicities of the other giant exoplanets are obtained
from the H2O abundances. The C/H of solar system planets are derived from the
CH4 abundances.
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masses in the planetary domain since sub-solar metallicities of O, C, and N have been
found for several brown dwarfs (e.g., Madhusudhan et al., 2016b). The O/H and
C/H values illustrate the HR 8799 system to be different than the outer planets of
our solar system and hints at varied formation and evolutionary processes for these
companions.
A coherent explanation of companion formation scenarios is challenging even in
light of the present retrieved chemistry. The estimated C/O ratios in principle reveal
information about the companions’ formation locations since the gaseous C/O ratio
increases with the distance from the star (Öberg et al., 2011). The gas C/O ratios
range from 0.85 to 1 between the H2O and CO snow lines (Öberg et al., 2011). In this
context and assuming an in-situ core accretion model of formation, the atmosphere
of HR 8799b could have formed between the H2O and CO ice lines and accumulated
its atmosphere from disk gas as well as being potentially enriched by evaporating
C- and O-rich planetesimals. The closer companion, HR 8799c, could have formed
similarly but with substantial atmospheric contamination from H2O- and CO2-rich
bodies. However, such a scenario is unlikely to assimilate with HR 8799d whose C/O
ratio is mainly sub-solar. The lack of K band spectroscopy for HR 8799e implies its
C/O ratio is unreliable as a basis for a formation discussion.
Nevertheless, core accretion presents a viability issue; the timescale for in-situ
core accretion is substantial at radii above 10 AU (Pollack et al., 1996) and increases
with orbital distance. HR 8799c would require ∼200 Myr to grow to the proposed
planetary mass of Marois et al. (2008) at 38 AU – palpably long after the gaseous
depletion of the disk – and would require even longer assuming potentially higher
object masses as hinted in this work. HR 8799b would require a much longer time
(many times the stellar age) to have formed in-situ by core accretion (Close, 2010).
The large orbital separations of the companions may therefore be more conducive
towards formation by gravitational instabilities in the disk (Mayer et al., 2004). Helled
and Bodenheimer (2010) modelled the capture of solids by giant protoplanets at the
corresponding distances of the three outer HR 8799 companions. Their crucial finding
is that massive protoplanets have relatively short collapse stages, and thus limited
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time for planetesimal capture. This leads to the prediction that the metallicities of
the companion atmospheres should be similar to that of the host star.
Our retrieved O/H for the four companions and C/H for the outer two companions
are inconsistent with this suggestion (see Figure 7.3). This inconsistency might arise
from at least two considerations. First, the study of Helled and Bodenheimer (2010)
assumed planetary masses for the HR 8799 companions in estimating the mass of
accreted heavy elements during the collapse stage. However, the possibility remains
of higher companion masses which might facilitate more considerable heavy-element
accretion leading to super-stellar O/H and C/H. A second caveat acknowledged by
Helled and Bodenheimer (2010) is that proto-companions could form at the center of
spiral structures which are themselves enhanced in metals relative to the surrounding
proto-planetary disk (Haghighipour and Boss, 2003; Rice et al., 2004; Durisen et al.,
2008; Helled and Bodenheimer, 2010; Boley and Durisen, 2010) and/or involved late-
stage planetesimal accretion. Solids with stopping distances comparable to the widths
of spiral arms in proto-planetary disks should be efficiently collected in the arms before
fragmentation through gravitational instability. Subsequent fragmentation of these
arms would produce companions with super-stellar metallicities.
Dodson-Robinson et al. (2009) simulated three formation mechanisms – core ac-
cretion (with or without migration), scattering from the inner disk, and gravitational
instability – in an effort to ascertain the efficient formation mode of long-period
companions like those of HR 8799. Spiral instability structures arose naturally in
high-mass disks of A stars such as HR 8799 and they concluded that massive objects
on stable orbits beyond ∼30 AU form by gravitational instability in the disk. The
abundances of heavy metal contents of the star have also been used to suggest forma-
tion through gravitational instability for the HR 8799 companions (Meru and Bate,
2010). In all, the companions seem more physically consistent with a formation by
disk instability considering the caveats are more easily overcome. Future studies of
this iconic system will test this hypothesis further.
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Figure 7.5: Retrieved posterior distributions of macroscopic parameters for the HR
8799 companions. Each panel presents values for one macroscopic parameter across
the four objects. The points and error bars represent the median and 1σ ranges.
7.2.3 Macroscopic Parameters
Figure 7.5 shows the retrieved posterior distributions of macroscopic parameters for
the HR 8799 companions. The estimated radii all lie below 1 Jovian radius and the
retrieved masses span the range from those of planets to brown dwarfs.
The estimated radii of the three inner companions are 0.78+0.04−0.04 RJ (HR 8799c),
0.84+0.03−0.03 RJ (HR 8799d), and 0.92
+0.09
−0.06 RJ (HR 8799e). The masses of the three outer
companions are higher than the deuterium-burning mass threshold for brown dwarfs
but the estimates aggregate at the upper edge of the prior. HR 8799e is the only
companion for which the inferred mass is consistent with planetary values, though
its posterior is relatively uniform and is rather uninformative. HR 8799b is peculiar
in that both the radius and mass concentrate on the lower and upper prior limits,
respectively. These HR 8799b estimates are likely inconsistent with theoretical mass-
radius relations for sub-stellar objects (Chabrier et al., 2009) and the masses of HR
8799c and HR 8799d (which pile at 80 MJ) are also suspect. The estimates are not
in accord with the planetary masses and radii inferred for the traditional age of the
HR 8799 system (Marois et al., 2008, 2010).
In light of the questionable estimates on some of the masses and radii, we quantify
the effect these macroscopic parameters have on the retrieved abundances. Figure 7.6
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Figure 7.6: Effects of Mobj and Robj on the retrieved water abundance. Left panel:
Posterior distributions of the H2O abundance for companion masses of 7, 14, 28, and
70 MJ. Right panel: Posterior distributions of the H2O abundance for companion
radii of 1.8, 1.2, 0.9, and 0.6 RJ.
shows the effect of different masses and radii on the estimated H2O abundances. Sim-
ilar effects occur for other molecules with significant abundances and thus the present
discussion of H2O abundances is applicable to molecules generally. The left panel of
Figure 7.6 shows the changes in XH2O induced by companion masses, showing that
higher water abundances occur for high companion masses. The positive correlation
between mass and abundance arises from equation (4.8), which shows that the op-
tical depth is proportional to the chemical abundance and inversely proportional to
the mass. High-mass objects harbour small atmospheric scale heights, and thus high
chemical abundances are needed to fit a given spectrum. A similar spectral fit can be
achieved with lower abundances for less massive objects with more extended atmo-
spheres. The abundances in the left panel are generally consistent to 1σ across the
mass range. The exception occurs for the mass extremes of 7 and 70 MJ which have
respective abundances of −2.49+0.27−0.15 and −1.98+0.33−0.21. Abundances therefore increase
by ∼0.5 dex for a 1 dex increase in Mobj. This means that abundances can only
change by a maximum of 0.5 dex if the mass is uncertain.
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The right panel of Figure 7.6 shows the dependence of the H2O abundance on the
radius. It is clear that the abundances are more sensitive to changes in the radius
than in the mass. For example, a change in the parameters by a factor of 2 (i.e.,
Robj = {0.9, 1.8} and Mobj = {14, 28}) changes the median H2O concentrations by
0.6 dex (0.1 dex) for radius (mass) adjustments. Indeed, the absolute difference in
XH2O associated with a radial increase of 50% (i.e., from 0.6 to 0.9 RJ) is similar
to that from a 900% increase (i.e., from 7 to 70 MJ) in mass. However, whereas
the correlation between abundance and mass is positive, the correlation between
abundance and radius is negative. The latter also arises from equation (4.8), which
shows that the optical depth is proportional to both the chemical abundance and
the square of the radius. The greater sensitivity of abundances to the radius is due
to this square dependence of the atmospheric scale height on Robj (as opposed to
a reciprocal linear dependence on mass). In all, the effect of larger radii or masses
would respectively decrease or increase the oxygen abundances in Figure 7.4, with
radial differences affecting the oxygen abundances more. We conclude that knowledge
of Robj is more important for the accuracy of retrieved abundances than is knowledge
of Mobj.
7.3 Highlighted Challenges
A key observation arising from this work is that estimated masses and radii from a
retrieval approach (Figure 7.5) can differ significantly from those inferred through
an assumed age and evolutionary models (Marois et al., 2008, 2010). The retrieved
companion masses span the planetary and brown dwarf domain, though the estimated
masses of HR 8799b and HR 8799c aggregate on the upper edge of the prior and are
therefore an issue. Marois et al. (2008, 2010) inferred planetary masses spanning
5 − 13 MJ for the companions assuming an age estimate for the system of 30 − 160
Myr. All the retrieved companion radii also lie below 1 Jovian radius, while the
masses derived through an age estimate and evolutionary models imply companion
radii of 1.1 − 1.3 RJ (Marois et al., 2008, 2010). The reason for the discrepancy
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in macroscopic parameters between the modeling approaches remains unclear (see
also Section 4.1 and 5.1 of Lavie et al., 2017), although potentially contributing
factors include our present lack of a cloud treatment, additional chemical species
with considerable opacity in the infrared, the use of solar abundances in the self-
consistent PHOENIX models used in Marois et al. (2008), and the uncertain stellar
chronology of HR 8799.
There is yet to be decisive conclusion as to the true nature of the HR 8799 compan-
ion masses though the majority of literature studies favour planetary masses. Marois
et al. (2008, 2010) used four indirect lines of argument to estimate a young age of
30 − 160 Myr for the HR 8799 system and thus companion masses ranging from 5
to 13 MJ . Additionally, N-body simulations of the HR 8799 companions suggest a
strong preference for masses . 13 MJ ; it is argued that otherwise they should have
become dynamically unstable by ∼100 Myr (Goździewski and Migaszewski, 2009;
Fabrycky and Murray-Clay, 2010; Sudol and Haghighipour, 2012; Goździewski and
Migaszewski, 2014). On the other hand, Moya et al. (2010) carried out an astro-
seismological study which implies a system many times older (∼1 Gyr) and implies
brown dwarf masses rather than planetary masses for the companions. However, the
older age estimate depends on the uncertain inclination of the stellar rotation axis
(Moya et al., 2010). Nevertheless, Moya et al. (2010) raise important reservations
on the four methods of age estimation of Marois et al. (2008) which are discussed in
Section 2 of their work.
HR 8799b best highlights the remaining challenges in understanding the atmo-
spheres and formation of the HR 8799 companions. For example, the retrieved mass
and radius estimates of HR 8799b are likely physically implausible. In light of these
issues and the added challenge of modeling clouds, it is important to remember that
the abundance estimates retrieved in this work are not sacred and might change with
future studies. A few progressive paths certainly include a reliable and accurate re-
trieval cloud model component and appropriate corrections for multi-epoch spectra
since influences of atmospheric variability might be present in the used datasets.
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7.4 Summary
This decade is a dynamic era in the exploration of objects at large orbital separa-
tions from their stars. Observational facilities of the near future will increase the
number of directly-imaged systems and extend the discovery domain to masses of
1 MJ and inner working angles equal to ∼5 AU (Lagrange, 2014). The promise of
more imaged objects motivates the need for an architecture capable of characterising
their atmospheres and bulk properties with minimal assumptions. Our work aims
to meet this need. We have presented an application of a state-of-the-art Bayesian
atmospheric retrieval method for spectrophotometry of imaged exoplanets and brown
dwarfs. The retrieval facilitates comprehensive statistical inferences of atmospheric
and macroscopic properties including chemical compositions and abundances, radii
and masses, and temperature profiles throughout the atmosphere.
We have applied our retrieval methodology to spectrophotometry of the iconic HR
8799 system comprised of four companions. The analysis reveals the clear presence
(>5.8σ) of H2O gas in all four companion atmospheres. The retrieved log(XH2O) abun-
dances from the outer (HR 8799b) to inner (HR 8799e) companions are −2.08+0.30−0.22,
−2.67+0.32−0.29, −2.09+0.39−0.31, and −1.43+1.03−1.02. There is strong evidence (>3.3σ) of CO gas
in the atmospheres of HR 8799b and HR 8799c with corresponding abundances of
−0.68+0.31−0.24 and −2.43+0.44−0.40, respectively. There is also weak evidence (2σ) of CO in
HR 8799d with a mixing ratio of −2.82+1.42−6.91. Finally, evidence for CH4 is substantial
(2.78σ) in the atmosphere of HR 8799b with a Gaussian abundance constraint of
3.74+0.33−0.30.
The four atmospheres are chemically rich compared to the photosphere of HR
8799. The atmospheric O/H of all companions are enhanced over the solar/stellar
value. The retrieved O/H values are −0.79+0.45−0.28 (HR 8799b), −2.46+0.40−0.36 (HR 8799c),
−2.24+0.82−0.38 (HR 8799d), and−1.66+1.00−1.02 (HR 8799e), which compared to solar-composition
abundances are 331+602−157×, 7+11−4 ×, 12+66−7 ×, and 45+401−41 × solar. The median C/H abun-
dances of the outer three companions are super-solar. The C/H of HR 8799b and
HR 8799c are −0.81+0.45−0.29 (574+1043−280 × solar) and −2.66+0.44−0.40 (8+16−5 × solar), respectively.
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Carbon metallicities for HR 8799d span the range from sub-stellar to super-stellar
(common log abundance of −3.05+1.45−6.90). The resulting C/O ratios of HR 8799b and
HR 8799c are distinctly super-solar with values of 0.96+0.0002−0.002 and 0.63
+0.06
−0.06. On the
other hand, HR 8799d favours depleted C/O ratios relative to solar, though is still
consistent with super-solar values to within 1σ. The retrieved abundances depend on
the retrieved mass and radius of the companions, with abundances more sensitive to
uncertainties in the radius. Knowledge of the radius is therefore more important for
accurate abundance inferences than is knowledge of the mass.
Future observing facilities will provide improved spectral resolutions and precisions
useful for more detailed and decisive studies of directly-imaged objects. Though the
James Webb Space Telescope (JWST) was not designed for high-contrast direct imag-
ing, coronographs of the Near-Infrared Camera (NIRCam) and Mid-Infrared Camera
(MIRI) have their own wavelength filters and will provide a crucial broadband spec-
trum from 1− 28 µm, affording vital information on chemical bands and cloud prop-
erties (Perryman, 2011).
The next generation of extremely large ground observatories have instruments
which are specifically designed for imaging of super-Earths in the the habitable zones
of their stars (e.g., Kasper et al., 2010; Wright et al., 2014). These facilities will enable
unparalleled abundance and mass/radius estimates and may afford greater potential
for illuminating the potential formation histories of imaged companions. Specifically,
the Exoplanet Imaging Camera and Spectrograph (EPICS) instrument on the E-ELT
(Kasper et al., 2010) and the Infrared Imaging Spectrograph (IRIS) IFS on the TMT
(Wright et al., 2014) should be invaluable. Currie (2016) notes the latter will cover
0.8 − 2.5 µm and provide high-precision flux measurements for all four companions
at R = 4000 − 8000, improving on the current observations in the H and K bands
with R ≈ 250 (Bonnefoy et al., 2016). The degeneracy between the object mass and
chemical abundances suggests the need for informative mass priors for more accurate
chemical abundance estimates; one path to informative mass measurements is to use
stellar radial velocity or astrometric observations (Apai et al., 2017a). The suite of





The retrieval methods outlined in Chapter 4 have also been applied to several ob-
servations as part of external collaborations. Here we present two applications of
these methods which include the characterisation of WASP-18b’s secondary eclipse
spectrum and XO-1b’s primary eclipse spectrum. These collaborative studies have
been published and are presented in Sheppard et al. (2017) and Southworth et al.
(2018), respectively. The day-side atmosphere of the highly irradiated hot Jupiter
WASP-18b is found to have a strong thermal inversion and an atmosphere with a
super-solar metallicity and C/O ratio due to a high abundance of carbon monoxide.
The most complete transmission spectrum of the giant planet XO-1b spanning the
optical to infrared is best explained by an atmosphere composed of inhomogeneous
clouds and a low H2O abundance compared to the solar expectation. The details of
these retrieval applications are presented here.
8.1 Secondary Eclipse Spectrum of WASP-18b
A fellow PhD student (Siddharth Gandhi) and I have characterised the secondary
eclipse spectrum of WASP-18b, an extremely hot (T∼2,400 K) and massive (M =
10.3MJ) giant exoplanet which orbits its star in less than one day. The secondary
eclipse spectrum comprises HST WFC3 data, K band photometry at 2.15 µm, and
Spitzer IRAC photometry in the 3.6, 4.5, 5.8, and 8 µm channels. We use the HyDRA
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retrieval code of Gandhi and Madhusudhan (2018) to analyse these data.
The retrieved model spectrum and posterior distributions of the molecular abun-
dances are shown in Figures 8.1 and 8.2, respectively. Our retrieved model spectrum
requires a strong thermal inversion in the dayside atmosphere of WASP-18b. The
bottom inset of Figure 8.1 shows the retrieved p−T profile indicating a temperature
increase between 1 and 10−3 bar in the atmosphere. The requirement of a thermal
inversion is guided by the strong emission feature in the 4.5 µm Spitzer band, with a
brightness temperature of 3100 ± 50 K, which is significantly higher than the rest of
the data. This can be explained by the presence of a thermal inversion in the atmo-
sphere along with the presence of either CO or CO2, which both exhibit pronounced
spectral features in the 4.5 µm band. We break this degeneracy by requiring that
CO2 be less than H2O as expected for hot Jupiter atmospheres (Madhusudhan, 2012;
Heng and Lyons, 2016). Another subtlety is the apparent minor trough near ∼1.6
µm, which we attribute to CO absorption below the inversion layer (i.e., ∼1 − 10
bar), where temperature decreases outward. Emission in the 4.5 µm band is due to
CO in the 10−3 − 10−1 bar range, which contains the thermal inversion.
As part of the nested sampling analysis we compute the Bayesian evidence value
for our retrieved spectrum. By comparing this value with that obtained for a model
without a thermal inversion, we conclude that a thermal inversion is favored at the
6.3σ significance level. Similarly, comparison of the Bayesian evidence to that of
a model lacking CO implies that the presence of CO is favored at the 6.1σ level.
The transition point of the inversion occurs at ∼0.1 bar which also happens to be
a characteristic level at which inversions occur in the atmospheres of solar system
planets as well as models of hot Jupiters (Madhusudhan and Seager, 2009; Robinson
and Catling, 2014).
Figure 8.2 shows the posterior probability distributions of all of the chemical
species. The data require a CO volume mixing ratio of 19+18−8 % in the atmosphere,
which is 380+360−160 times the amount expected for a solar-abundance atmosphere in
chemical equilibrium at WASP-18b’s temperature. The high CO abundance is pri-
marily constrained by the emission required to explain the 4.5 µm IRAC point as
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Figure 8.1: Observed spectrum and retrieved solutions. The data are shown in green.
The median retrieved spectrum with the 1σ and 2σ uncertainty envelopes is shown
in red. The binned median model, in yellow, has a reduced chi-square of 3.67 and
is an unambiguously better fit than a blackbody (χ2red = 15.2). A reference model
with a solar-abundance of H2O is shown in blue to demonstrate the lack of an H2O
absorption feature in the data. The results favor a thermal inversion, and the only
spectral features detected are those of CO at 1.6 and 4.5 µm. The retrieved p − T
profile with 1σ and 2σ uncertainty contours is shown in the lower right inset along
with the contribution functions of CO at 1.6 and 4.5 µm.
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Figure 8.2: Retrieved posterior distributions for the chemical abundances. The high
CO abundance implies a high metallicity and high C/O ratio. The mixing ratios are
in units of the common logarithm.
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well as the absorption trough in the WFC3 band at 1.6 − 1.7 µm. Besides CO we
detect no other chemical species (see Figure 8.2). In particular, the non-detection of
H2O at both 1.4 and 6 µm provides a 3σ upper-limit of 10
−6 on the volume mixing
ratio. The constraints on the chemical species lead to a super-solar metallicity in
the planetary atmosphere (C/H = O/H = 283+395−138× solar O/H) and a C/O ratio of
∼1. We also conducted a retrieval without the restriction that XCO2 < XH2O. In
both cases, the data require a strong thermal inversion, a C/O ratio of ∼1, and a
super-solar metallicity.
8.1.1 Discussion
The inference of an extraordinarily high CO abundance in the dayside atmosphere
of WASP-18b is inconsistent with expectations for an atmosphere with a high C/O
ratio and high temperatures where chemical equilibrium is expected to be satisfied
(Madhusudhan, 2012; Moses et al., 2013). In particular, the retrieved CO volume
mixing ratio is 380+360−160 times the amount expected from chemical equilibrium at high
temperatures. In contrast, the low abundance of H2O that is retrieved is consistent
with chemical equilibrium expectations for a C/O∼1 at high temperatures. The
constraints on all of the other species are also consistent with this scenario. While we
cannot rule out a contribution from CO2 emission in the 4.5 µm Spitzer band, the high
abundance of CO2 needed would be chemically inconsistent with the non-detection
of H2O and is therefore exceedingly unlikely.
Our inferences for this planet indicate an unusual atmosphere in several respects.
While the inference of a temperature inversion is no longer surprising for strongly
irradiated planets (Haynes et al., 2015; Evans et al., 2017), both the very high metal-
licity and C/O∼1 have less precedent. The high C/O ratio is governed by the lack of
observed water features in the WFC3 and Spitzer bandpasses, by the slight decrease
at the long end of the WFC3 band, and by the Spitzer photometry point at 4.5 µm.
We reiterate that the inference of a thermal inversion hinges critically on the single
Spitzer photometric point at 4.5 µm. Previously, Nymeyer et al. (2011) postulated
a temperature inversion for exactly that reason. Nevertheless, the photometry does
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not reveal the resolved band structure of the 4.5 µm CO band in emission that would
lead to an unequivocal detection of molecular emission. However, given the data we
have and the many checks on our data analysis procedures, the unusual atmosphere
of WASP-18b is a compelling conclusion.
The observations also reveal the first instance where both absorption and emission
features are seen in the spectrum of an exoplanet, both due to CO. The absorption at
∼1.6 µm is caused by a weaker CO band compared to the emission in a stronger CO
band in the 4.5 µm region. As shown by the contribution functions in the p−T profile
inset in Figure 8.1, the 1.6 µm region of the spectrum probes the lower atmosphere
while the 4.5 µm band probes the upper atmosphere. The only other atmosphere
where simultaneous absorption and emission in the same molecule are observed is
in the Earth’s infrared spectrum, specifically in the 15 µm band of CO2, due to the
temperature structure at the tropopause and stratosphere (Hanel et al., 1972).
If confirmed, the atmospheric properties of WASP-18b open a new regime in the
diversity of hot Jupiters. Classically, thermal inversions in hot Jupiters were suggested
to be caused by TiO and VO in very high temperature atmospheres (Hubeny et al.,
2003; Fortney et al., 2008). All studies so far have focused on the plausibility of
TiO/VO as a function of various parameters and processes such as gravitational
settling (Spiegel et al., 2009), stellar chromospheric emission (Knutson et al., 2010),
C/O ratio (Madhusudhan et al., 2011b), and dynamics (Menou, 2012; Parmentier
et al., 2013). For TiO or VO to be abundant enough to cause thermal inversions, the
C/O ratio must be∼0.5 or lower (Madhusudhan et al., 2011b). Planets with high C/O
ratios were not predicted to host thermal inversions since their TiO/VO abundances
would be severely depleted (Madhusudhan, 2012); however, recent work suggests
other processes, such as inefficient atmospheric cooling, could lead to a temperature
inversion (Mollière et al., 2015). Alternatively, oxygen-poor absorbers may play a
similar role to TiO and VO (Zahnle et al., 2009). The two hot Jupiters for which
thermal inversions have been detected have both shown signatures of TiO/VO in their
atmospheres: WASP- 33b (Haynes et al., 2015) and WASP-121 (Evans et al., 2017).
WASP-18b is the first system that shows a thermal inversion along with a high C/O
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ratio of ∼1 with no evidence for TiO/VO, and hence provides a new test case for
theories of thermal inversions in hot Jupiters.
The unique atmospheric composition of WASP-18b implies an interesting con-
straint for planetary formation theories. Its metal enrichment is consistent with a
possible trend in mass-metallicity parameter space for a 10 MJ planet (see Chapter
7). High metallicity and a C/O ratio of 1 are plausibly explained by formation from
extremely CO-rich gas beyond the H2O condensation line (Öberg et al., 2011) or
upper atmospheric enrichment in carbon and oxygen due to ablation of icy planetes-
imals during late-stage accretion (see Chapter 2). Future eclipse observations with
JWST and improved modeling of giant planet accretion processes could help clarify
the details of WASP-18b’s formation history.
8.2 Primary Eclipse Spectrum of XO-1b
We use the transmission retrieval method presented in Chapter 4 to analyse the
transmission spectrum of XO-1b across the optical and infrared wavelengths. XO-1b
is a moderately hot (T∼1,200 K) planet with a mass similar to Jupiter (M = 0.92MJ)
and orbits a Sun-like star every 4 days. The observations in the optical wavelength
range were obtained with the u (0.366 µm), g (0.478 µm), r (0.663 µm), Hα (0.687
µm), I (0.810 µm), and z (0.910 µm) photometric filters on several large-aperture
ground telescopes. These optical measurements are augmented with published HST
WFC3 observations (Deming et al., 2013) to construct the transmission spectrum of
XO-1b covering 0.37− 1.65 µm.
Figure 8.3 shows the best-fit model to the observations. The model represents an
atmosphere with patchy clouds and hazes and a cloud/haze fraction of 54 percent
along the planetary limb. The patchy cloud model is weakly preferred to a clear-
atmosphere model at the 1.3σ level. Water vapour is present at 3.05σ confidence to
fit the HST WFC3 data, signifying H2O is present with a certainty of 99.87 percent.
Evidence for nitrogen chemistry in the form of either NH3 or HCN is marginal at
1.5σ. The optical data do not provide evidence for the presence of either Na or K.
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Figure 8.3: Best-fitting model transmission spectrum of XO-1b (dark red line). The
observed transmission spectrum is shown using coloured points for the optical data
and black points for the HST WFC3 data.
Our model fits the optical transmission spectrum in the u, r, I, and z bands to within
0.5σ.
The best-fitting model is unable to explain the measured planetary radius in the g
band, which lies 8σ below the model transmission spectrum and well below all other
radius measurements. The reason for this discrepancy is not clear. It is a challenge
to understand observationally, as the two light curves in this passband have high
precisions and show mutual agreement, and such an effect has not been seen in this
band in previous observations.1 Temporal variability of the planetary atmosphere or
heterogeneity of the stellar photosphere are unlikely because both g-band light curves
were obtained simultaneously with z-band and either u-band or r-band measurements.
We conclude that the transmission spectrum of XO-1b is best reproduced by a
1For example, WASP-57 (Southworth et al., 2015), HAT-P-23 and WASP-48 (Ciceri et al., 2015),
Qatar-2 (Mancini et al., 2014), and HAT-P-32 (Tregloan-Reed et al., 2018).
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H2/He-rich atmosphere containing H2O with low confidence levels of patchy clouds
and nitrogen-bearing molecules (NH3 and HCN). An anomalously small planet radius
in the g band is difficult to explain either observationally or theoretically and should
be investigated by obtaining new observations in this wavelength region at higher
resolutions (e.g., with VLT FORS2).
8.2.1 Impact of the Optical Data
The motivation for obtaining ground-based observations in the optical wavelength
range was to improve knowledge of XO-1b’s atmospheric properties beyond what can
be inferred from the HST WFC3 data. We investigated this by modelling both the
full transmission spectrum as well as only the HST WFC3 data. We find that the
addition of the optical data to the near-infrared observations introduces an alternative
H2O abundance.
Figure 8.4 shows the retrieved H2O abundances for the case of the full transmission
spectrum and the HST WFC3 data alone. In the latter case, the modal log(XH2O)
abundance is approximately −1 dex with a median and 1σ uncertainty of −1.45+0.50−2.19.
The slight tail of the posterior distribution arises from a weak degeneracy with HCN.
The adjoined observations in the optical range offer an alternative interpretation of
XO-1b’s atmosphere, adding a second mode to the H2O mixing ratio at −4 dex and
thus altering the median abundance by ∼−2 dex.
The two interpretations of XO-1b’s atmospheric H2O concentration emerge from
two possible cloud condensate configurations. The water abundance mode at −4
dex that is introduced by the optical data suggests an atmosphere with condensate
clouds composed of ∼1 µm particles with cloud-top pressures between 10−2 and 10−1
mbar. The formation efficiency of condensate particles decreases with atmospheric
height (Parmentier et al., 2013), and therefore, clouds extending to such low pressures
require strong vertical mixing processes that could advect material upwards. On
the other hand, the second mode constituting a high water abundance of about −1
dex proposes cloud-top pressures greater than 1 mbar. Ultimately, elucidating the
atmosphere of XO-1b from these two distinct possibilities (low water abundance/high-
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Figure 8.4: Retrieved model transmission spectra of XO-1b observations for the op-
tical and near-infrared (left) and near-infrared only (right). The observations are
shown in green and the retrieved median model is in dark red with associated 1σ
and 2σ confidence contours. The median model in dark red has been smoothed for
clarity. The probability density functions of the H2O abundances are shown in the
lower panels, where the points and errors represent the median abundance and 1σ
intervals, respectively.
extending clouds, and high water abundance/low-extending clouds) will have to await
more precise observations in the optical wavelength range.
8.3 Summary
We have used the retrieval methods described in Chapter 4 to characterise the atmo-
spheres of two transiting exoplanets, WASP-18b and XO-1b. The secondary eclipse
spectrum of WASP-18b displays an emission feature at 4.5 µm which signifies a ther-
mal inversion in its dayside atmosphere at the 6.3σ significance level. The thermal
inversion is likely not due to heating from TiO or VO since no signatures are detected
in the near-infrared, but the atmosphere contains a significantly high abundance of
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CO gas. We have also analysed the optical and near-infrared transmission spectrum
of XO-1b. The atmosphere is likely host to patchy clouds extending to high altitudes
and a sub-solar abundance of H2O. However, an alternative interpretation of the at-






Extra-solar planets and their atmospheres exhibit a great variety which stems from
the infinite personality of Nature. In reality there are an untold number of processes
which influence the state and evolution of exoplanetary atmospheres. In this thesis I
explored effective descriptions for several prominent physical processes which influence
the character of these atmospheres as well as surveyed various observations to see what
information they contain. The former was approached through detailed theoretical
models while for the latter I used several new retrieval methods.
In Chapter 2 I studied the ways in which solid bodies evaporate and enrich the
atmospheres of gas giant exoplanets with their chemistry. The chemical composition
of an atmosphere as observed today is the end product of a long history of forma-
tion and evolution. The formation history of a planet involves the accretion of gases
and solid bodies which contribute to the planet’s total composition, both to the in-
terior portions which are not observable to us and to the observable regions of the
atmosphere. Although the observable atmosphere can be regarded as a bulk repre-
sentation of the accreted gas throughout a planet’s life, the case is not as clear for
the solids. The efficiency with which solids ablate in fluid envelopes determines the
extent to which an atmosphere mirrors the compositions of accreted solids. There-
fore, an atmosphere observed today to have low water abundances may either be
due small amounts of accreted icy bodies or inefficient ablation of icy bodies in the
upper regions of the planet. Our study of solid ablation in gas giant systems reveals
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that chemical enrichment of exoplanetary atmospheres is efficient, and means that
the chemical composition of an observable atmosphere should reflect both the solid
and gas components accreted throughout time. This efficiency of solid evaporation
nevertheless makes studying the formation histories of giant planets more challenging
than if an atmosphere were only expected to reflect the accreted gases.
The gas-rich atmospheres of giant exoplanets also host liquid and solid material
in the form of clouds. Chapter 3 investigates the effects which condensed gases have
on observations of large planets which transit their host stars. Investigating the
ways in which clouds affect observations is crucial, for they influence interpretations
of the gas chemistry in an atmosphere and hence also the formation conditions of
planets. We thus explore three metrics that can be used to interpret atmospheric
observations of transiting planets. The first metric is the slope of a spectrum at the
blue end of the optical wavelength range from 0.3 to 0.56 µm. The slopes in this
range provide hints about multiple cloud properties including the cloud species, the
dominant particle sizes composing the clouds, and the vertical extent of clouds. The
degree of uniformity of the optical slope acts as a second tool for deciphering cloud
properties, particularly the cloud species. Clouds also efficiently absorb near-infrared
light as seen on Earth by the Greenhouse effect. The third metric therefore involves
the absorption features of clouds in the near- and mid-infrared regions. The increased
quality of observations from future facilities means that these three metrics should
become common ways through which to better characterise cloud condensates and
therefore exoplanets and their atmospheres more generally.
Transitioning to retrievals, Chapter 4 details the inverse approach towards esti-
mating atmospheric properties from transmission and emission spectra. The methods
represent elegant ways of inferring the most likely attributes of an atmosphere given
the observations and our general prior ignorance about the nature of a certain at-
mosphere. Chapter 5 uses the transmission retrieval method of Chapter 4 to gain
statistical estimates of the atmospheric properties of ten hot giant exoplanets which
have the broadest observational wavelength coverage. Indeed, the availability of ob-
servations in the optical wavelength region allow us to achieve a reliable assessment
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of the amount of water vapour along the limb of the planets. The spectroscopic
measurements confirm that the majority of these planets harbour low water abun-
dances (i.e., sub-solar) along their limbs. Since this finding is representative of a
size-able sample of planets, it may well be that the majority of close-in giant planets
in our galaxy contain sub-solar amounts of water in their atmospheres. The lack of
any other oxygen-carrying molecules suggests that the abundances of oxygen are also
mostly below the solar value, and imply that most of these planets likely migrated to
their present locations through gravitational interactions with other planets in their
systems.
The spectrum of a transiting planet is not necessarily representative of physics
in its atmosphere alone. Chapter 6 presents a new retrieval method which considers
the influence of stellar processes on a planet’s transit spectrum. Stars are active and
dynamic, varying in brightness on timescales of days to weeks due in large part to
cool spots and hot faculae in their photospheres. These forms of activity modulate
the radius of the star as a function of wavelength and create a source of contamination
for the planetary spectrum. The new retrieval method is capable of distinguishing
the stellar activity from the chemical and thermal properties intrinsic to the planet.
The application of this method to the spectra of nine hot giant exoplanets reveals
the relative importance of clouds and hazes compared with stellar spectral imprints.
Our analysis finds that the spectra of four planets likely display considerable con-
tamination from their host stars. The observational push towards the discovery and
characterisation of Earth-sized planets in the next decade will benefit greatly from
this new method, as most searches of small planets will occur around M stars which
display the highest activity among all stellar types.
The discovery and characterisation of planets is also achieved by directly suppress-
ing the influence of the star. In Chapter 7 I apply a retrieval method for directly-
imaged objects to the thermal spectra of four imaged companions in orbit around
HR 8799. Imaged spectra are typically analysed through models that depend on an
assumption of the system’s age as well as equilibrium chemistry in the atmospheres.
The retrieval method aids in moving beyond these assumptions. The four companion
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atmospheres all display high abundances of water vapour, with detection significances
well beyond the 5σ threshold. The outermost companions, HR 8799b and HR 8799c,
carry additional oxygen in the form of high abundances of carbon monoxide. The
relatively low temperatures of these objects (∼1000 K) and the detected chemistry
implies that their atmospheres are significantly out of chemical equilibrium. Future
spectral measurements using the JWST and the ELTs will provide an information
cache to test whether these companions formed through gravitational instabilities.
I have used the above set of retrieval methods to characterise the atmospheres of
two other transiting exoplanets, WASP-18b and XO-1b. In Chapter 8, a fellow PhD
student and I have shown that the super-hot Jupiter WASP-18b displays an exten-
sive thermal inversion in its dayside atmosphere which is likely not due to feedback
heating from titanium oxide or vanadium oxide. The inference of a thermal inversion
arises from the high amount of emission in the 4.5 µm region and is due to excited
states of the carbon monoxide molecule, which constitutes about 20 percent of the
atmosphere by number. WASP-18b serves as an outstanding case of a super-hot
Jupiter atmosphere that is rich in metals and with an extreme temperature increase
with height. In addition, I have analysed the optical and near-infrared spectrum of
XO-1b’s atmosphere. The atmosphere likely hosts patchy clouds extending to high
altitudes and a sub-solar abundance of water vapour.
The studies presented in this thesis accentuate the variety and complexity of
planets and their atmospheres. Ultimately, exploring the diversity of exoplanets and
their atmospheres using more able facilities of the future such as the JWST and
the ELTs will continue to prompt questions about their compositions and formation
histories. Nature will continue to evolve its mysteries forward in time.
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Appendix A
Chapter 3: Calculation of Mie
Coefficients
The Mie coefficients an and bn are the primary variables needed to calculate the
scattering and extinction cross-sections of cloud particles in equations (3.8) and (3.9).
Traditionally these are calculated using expressions in either Deirmendjian (1969) or
Bohren and Huffman (1983). The expressions for these coefficients in Deirmendjian
(1969) are
an(m,x) ={Θ1Jn+1/2(x)− Jn−1/2(x)} × {Θ1[Jn+1/2(x)
+ i(−1)nJ−n−1/2(x)]− [Jn−1/2 − i(−1)n
× J−n+1/2(x)]}−1, (A.1)
bn(m,x) ={Θ2Jn+1/2(x)− Jn−1/2(x)} × {Θ2[Jn+1/2(x)
+ i(−1)nJ−n−1/2(x)]− [Jn−1/2 − i(−1)n
× J−n+1/2(x)]}−1. (A.2)
Here J±n±1/2 are Bessel functions of the first kind with fractional orders. The co-
efficients are nearly identical except for the differences in Θ1 and Θ2 which are
Θ1 = An(mx)/m + n/x and Θ2 = mAn(mx) + n/x, with An(mx) = Jn−1/2(mx)/
Jn+1/2(mx)− n/(mx).
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We find that the representation of these coefficients in this form is not best suited
for computations (see also page 127 of Bohren and Huffman, 1983). For some small
volumes of the {a, λ, n(λ), κ(λ)} parameter space the above expressions break down
giving ‘NaN’s. This mainly occurs for large parameter sizes x. As noted in Section
3.1.2, a large x translates into a greater number of terms n in the sum of the scattering
and extinction coefficients. The ‘NaN’s arise due to the numerical round-off error
associated with a finite representation of the Bessel functions which accumulates for
large n.







{mDn(mx) + n/x}ψn(x)− ψn−1(x)





and satisfies the backward recurrence relation Dn−1 = n/(mx) −
(Dn+n/(mx))
−1. This recurrence relation is stable when computed from the maximal











{Jn+1/2(x)− iYn+1/2(x)} = ψn(x)− iχn(x), (A.6)
where Jn+1/2 and Yn+1/2 are Bessel functions of the first and second kind with frac-
tional orders, respectively. The Ricatti-Bessel functions satisfy the following recur-




















Chapter 3: Mixing Ratio of Cloud
Particles
Here we present a derivation of the cloud particle abundance Xcloud for condensate
particles composed of a single chemical species. The abundance of cloud particles
assuming an H2-rich atmosphere is
Xcloud ≈
Number of cloud particles per volume





The number of cloud particles in a unit volume is limited by the atom in the cloud
species which has the lowest abundance of all the atoms. Therefore the number of
cloud particles in unit a volume is
ncloud =
Number of limiting atom type per volume





The number density of the limiting type of atom is
nlim = Xlim × Number of atoms per unit volume ≈ Xlim × 2nH2 (B.3)







where Ñlim is the number of the limiting atom type per molecule of a cloud species.





Finally, a spherical grain implies Mcloud = 4πa
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Table C.2: Retrieved cloud/haze properties of the hot giant exoplanet ensemble.
Planet Mp (MJ ) log10(a) γ log10(Pcloud) φ̄
HAT-P-12b 0.21+0.01−0.01 4.70
+1.66
−1.74 −9.04+4.62−7.78 −0.78+1.80−2.03 0.60+0.24−0.19
WASP-39b 0.28+0.03−0.03 3.83
+1.22
−1.10 −13.27+4.29−4.24 −1.09+2.01−2.53 0.54+0.24−0.18
WASP-6b 0.50+0.02−0.04 4.92
+2.04
−1.41 −6.06+1.99−2.63 −0.10+1.34−1.38 0.64+0.170.15
HD 189733b 1.14+0.03−0.03 3.64
+0.79
−1.01 −7.75+1.29−1.43 0.44+1.03−1.13 0.67+0.26−0.12
HAT-P-1b 0.53+0.02−0.02 5.68
+1.52
−1.49 −5.77+2.49−3.09 −1.02+1.93−2.03 0.52+0.11−0.10
HD 209458b 0.69+0.02−0.02 4.57
+0.58
−0.74 −14.82+4.79−3.45 −4.47+0.52−0.48 0.52+0.06−0.07
WASP-31b 0.48+0.03−0.03 4.00
+0.95
−0.98 −14.08+4.07−3.69 −3.72+0.66−0.61 0.76+0.13−0.15
WASP-17b 0.49+0.03−0.03 2.33
+2.20
−2.53 −10.55+5.66−5.84 −1.60+2.21−2.56 0.18+0.26−0.12
WASP-19b 1.11+0.04−0.04 3.95
+2.00
−2.22 −11.52+5.29−5.11 −0.56+1.60−1.97 0.42+0.27−0.26
WASP-12b 1.40+0.10−0.10 2.07
+2.64
−2.87 −10.47+7.11−6.47 −1.48+2.14−2.15 0.33+0.34−0.20
Table C.3: Retrieved temperature profile parameters of the hot giant exoplanet en-
semble.
















−0.25 −1.70+1.61−1.65 −4.06+1.79−1.30 0.49+1.00−1.33 −3.55+0.60−0.74









−0.25 −1.58+1.61−1.72 −4.04+1.83−1.31 0.57+0.95−1.30 −3.63+0.42−0.41
























−0.26 −1.55+1.65−1.71 −3.92+1.79−1.35 0.60+0.93−1.38 0.16+0.64−0.63
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Table D.1: Bayesian model comparisons of the hot Jupiter ensemble in Chapter 6.
Listed are the evaluated model types, natural logarithms of the evidences Z, and
Bayes factors with their associated significance levels. The reference model (‘Ref.’)
includes a formalism for the heterogeneity of the stellar disk, opacity contributions
from H2O, CH4, CO, CO2, HCN, NH3, Na, K, H2-H2 and H2-He, and a cloud and
haze parameterisation. The Bayes factor B0i represents the preference for the reference
model over model i. The detection significance signifies the degree of inclination of
the reference model over the alternative model. Detection significance calculations
are valid for Bayes factors above one, hence the instances of ‘N/A’.
WASP-6b (Full Data)
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 134.25 Ref. Ref.
HMc 134.06 1.22 1.37σ
HM 132.39 6.48 2.48σ
Mch 130.76 32.94 3.13σ
M 119.20 3.46 ×106 5.83σ
WASP-6b (Without Spitzer Data)
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 124.16 Ref Ref.
HMc 124.28 0.89 N/A
HM 123.79 1.45 1.56σ
Mch 124.06 1.11 1.23σ
M 124.47 0.74 N/A
WASP-39b
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 401.44 Ref. Ref.
HMc 401.17 1.30 1.45σ
HM 394.17 1430 4.22σ
Mch 399.60 6.26 2.47σ
M 393.16 3923 4.47σ
HD 209458b
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 957.83 Ref. Ref.
HMc 956.64 3.31 2.14σ
HM 945.45 2.38×105 5.34σ
Mch 957.47 1.44 1.55σ
M 947.01 5×104 5.02σ
HAT-P-12b
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 264.74 Ref. Ref.
HMc 264.83 0.92 N/A
HM 245.84 1.62×108 6.47σ
Mch 264.56 1.20 1.35σ
M 245.67 1.9×108 6.50σ
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HAT-P-1b
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 302.16 Ref. Ref.
HMc 302.23 0.93 N/A
HM 299.98 8.90 2.62σ
Mch 302.57 0.69 N/A
M 296.07 443.86 3.92σ
WASP-31b
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 395.54 Ref. Ref.
HMc 394.98 1.75 1.72σ
HM 395.17 1.45 1.56σ
Mch 395.98 0.64 N/A
M 392.00 34.51 3.14σ
WASP-19b
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 76.00 Ref. Ref.
HMc 74.89 3.06 2.09σ
HM 75.71 1.34 1.48σ
Mch 77.27 0.28 N/A
M 72.59 30.53 3.10σ
WASP-17b
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 249.31 Ref. Ref.
HMc 249.98 0.51 N/A
HM 250.08 0.47 N/A
Mch 250.52 0.30 N/A
M 251.02 0.18 N/A
WASP-12b
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 195.33 Ref. Ref.
HMc 196.38 0.35 N/A
HM 195.20 1.14 1.28σ
Mch 197.34 0.13 N/A
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Table E.1: Bayesian model comparisons of the HR 8799 companions. Listed are the
evaluated model types, natural logarithms of the evidences Z and Bayes factors with
their associated significance levels. The reference model (‘Ref.’) includes opacity
contributions from H2O, CH4, CO, CO2, HCN, NH3, H2-H2 and H2-He. The Bayes
factor B0i represents the preference for the reference model over model i. The detec-
tion significance signifies the degree to which the reference model is preferred over
the alternative model in the frequentest statistics approach. Detection significance
calculations are valid for Bayes factors above one, hence the ‘N/A’ values.
HR 8799b
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
Full 1630.90 Ref. Ref.
No H2O 1350.75 10
121 23.80σ
No CH4 1628.35 12.82 2.78σ
No CO 1555.61 5×1032 12.48σ
No CO2 1630.77 1.13 1.27σ
No HCN 1631.37 0.62 N/A
No NH3 1630.73 1.19 1.34σ
HR 8799c
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
Full 1777.99 Ref. Ref.
No H2O 1753.50 4.33×1010 7.30σ
No CH4 1778.02 0.97 N/A
No CO 1773.88 61.13 3.34σ
No CO2 1777.73 1.30 1.45σ
No HCN 1778.42 0.65 N/A
No NH3 1778.20 0.81 N/A
HR 8799d
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
Full 2666.56 Ref. Ref.
No H2O 2651.57 3.22×106 5.82σ
No CH4 2666.55 1.00 0.96σ
No CO 2665.59 2.63 2σ
No CO2 2666.20 1.43 1.54σ
No HCN 2666.65 0.91 N/A
No NH3 2666.98 0.65 N/A
HR 8799e
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
Full 1110.99 Ref. Ref.
No H2O 1078.34 1.52× 1014 8.36σ
No CH4 1110.96 1.03 1.08σ
No CO 1111.04 0.95 N/A
No CO2 1111.09 0.90 N/A
No HCN 1111.31 0.73 N/A
No NH3 1111.16 0.85 N/A
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Table E.2: Retrieved molecular abundances of the HR 8799 companions.
Companion log(XH2O) log(XCH4) log(XCO) log(XCO2) log(XHCN) log(XNH3)
HR 8799b −2.08+0.30−0.22 −3.74+0.33−0.30 −0.68+0.31−0.24 −7.81+4.20−3.99 −8.80+3.31−3.33 −8.86+3.78−3.29
HR 8799c −2.67+0.32−0.29 −7.05+1.96−4.62 −2.43+0.44−0.40 −8.44+3.82−3.62 −9.83+2.70−2.61 −9.51+2.86−2.86
HR 8799d −2.09+0.39−0.31 −8.96+3.27−3.23 −2.82+1.42−6.91 −7.05+3.79−4.63 −9.01+3.10−3.24 −9.58+2.79−2.88
HR 8799e −1.43+1.03−1.02 −6.86+3.86−4.42 −7.48+3.90−3.98 −8.47+3.47−3.45 −8.49+3.29−3.40 −8.97+3.12−3.22
Table E.3: Derived C/H, O/H, and C/O ratios of the HR 8799 companions.
Companion XC/XO log(XO/XH) log(XC/XH)
HR 8799b 0.96+0.0002−0.002 −0.79+0.45−0.28 −0.81+0.45−0.29
HR 8799c 0.63+0.06−0.06 −2.46+0.40−0.36 −2.66+0.44−0.40
HR 8799d 0.16+0.51−0.16 −2.24+0.82−0.38 −3.05+1.45−6.90
HR 8799e 0.00+0.00−0.00 −1.66+1.00−1.02 −6.98+3.83−4.20
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Table E.4: Retrieved macroscopic parameters of the HR 8799 companions.
Companion Object Radius (RJ) Distance (pc) log(Mobj(MJ))




















Table E.5: Retrieved temperature profile parameters of the HR 8799 companions.
Companion T0 α1 α2 log(P1) log(P2) log(P3)











−0.18 −0.31+0.27−0.30 −2.52+2.01−2.09 0.96+0.65−0.65











−0.24 −0.58+0.94−1.12 −2.59+2.08−2.01 0.78+0.74−0.94
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(2018). Atmospheric reconnaissance of the habitable-zone Earth-sized planets or-
biting TRAPPIST-1. Nature Astronomy, 2:214–219.
Deirmendjian, D. (1964). Scattering and polarization properties of water clouds and
hazes in the visible and infrared. Appl. Opt., 3:187.
Deirmendjian, D. (1969). Electromagnetic scattering on spherical polydispersions.
Elsevier.
Deming, D., Harrington, J., Laughlin, G., Seager, S., Navarro, S. B., Bowman, W. C.,
and Horning, K. (2007). Spitzer Transit and Secondary Eclipse Photometry of GJ
436b. ApJ, 667:L199–L202.
Deming, D., Seager, S., Richardson, L. J., and Harrington, J. (2005). Infrared radia-
tion from an extrasolar planet. Nature, 434:740–743.
Deming, D., Wilkins, A., McCullough, P., Burrows, A., Fortney, J. J., Agol, E.,
Dobbs-Dixon, I., Madhusudhan, N., Crouzet, N., Desert, J.-M., Gilliland, R. L.,
Haynes, K., Knutson, H. A., Line, M., Magic, Z., Mandell, A. M., Ranjan, S.,
Charbonneau, D., Clampin, M., Seager, S., and Showman, A. P. (2013). Infrared
Transmission Spectroscopy of the Exoplanets HD 209458b and XO-1b Using the
Wide Field Camera-3 on the Hubble Space Telescope. ApJ, 774:95.
Demory, B.-O., Gillon, M., de Wit, J., Madhusudhan, N., Bolmont, E., Heng, K.,
Kataria, T., Lewis, N., Hu, R., Krick, J., Stamenković, V., Benneke, B., Kane, S.,
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